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Most  of  this  report,  especially  Chapter  2,  was  written  during  1967 > 
and  represents  the  writer's  view  of  the  state-of-the-art  as  the  writer  saw 
it  at  that  time. 

In  1967}  the  writer  was  very  concerned  about  an  apparent  trend  toward 
developing  ever  more  complex  computer  codes  while  failing  to  use  existing 
computer  codes  to  understand  important  cause  and  effect  relations  and  to 
ascertain  the  effect  of  uncertainties  in  the  input  on  the  nature  of  the 
computed  results.  The  emphasis  of  Chapter  2,  and  many  of  the  specific  com¬ 
ments,  reflected  this  concern.  The  writer  quite  frankly  felt  that  the  com¬ 
puter  code  development,  as  it  was  apparently  being  followed,  was  largely  an 
academic  exercise,  that  quite  likely  it  would  be  impossible  to  rely  on  the 
codes  for  design  predictions,  arid  that  designs  would  still  have  to  be  based 
on  very  simple  prediction  equations  together  with  a  large  dose  of  judgment. 

The  writer  has  been  "out  of  the  business"  since  1967,  but  from  vari¬ 
ous  conversations  it  appears  that  he  may  have  been  wrong  in  his  assessment 
of  the  trends  in  computer  code  development  and  utilization.  Apparently 
there  has  developed  a  close  cooperation  between  experienced  soil  engineers 
and  the  developers  and  users  of  complex  computer  codes .  Apparently  there 
is  also  now  a  recognition  of  the  need  to  make,  in  connection  with  specific 
design  projects  and  field  experiments,  a  series  of  computer  runs  so  as  to 
bracket  the  effect  of  uncertainties  in  the  input  and  assumptions.  If  these 
statements  do  reflect  the  current  situation,  then  some  of  the  statements  in 
this  report  may  happily  be  out-of-date. 

However,  the  writer  still  does  believe  in  the  necessity  of  developing 
improved  but  simple  and  approximate  prediction  techniques  which  do  not  re¬ 
quire  use  of  a  computer  for  each  application.  Such  techniques  (or 
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equations  or  rules)  are  needed  for  small  design  projects  where  coiTplex 
expensive  analysis  is  not  justified  and  for  preliminary  analysis  of  large 
design  projects.  One  of  the  main  objectives  of  calculations  using  complex 
computer  codes  mnsi-,  be  to  provide  the  insights  and  understandings  upon 
which  such  simple  rules  (and  statements  regarding  the  limitations  of  these 
rules)  can  be  based.  Section  2.4.2  is  an  attempt  to  use  theoretical  re¬ 
sults  available  as  of  1967  to  identify  and  understand  the  key  features  of 
airblast-induced  ground  motion  and  to  assess  the  accuracy  and  limitations 
of  the  sinple  prediction  methods  described  in  Section  2.4.4.  The  writer 
urges  those  now  active  in  generating  new  theoretical  results  to  extend  and 
complete  the  synthesis  started  in  Sections  2.4.2  and  2.4.3. 

This  report  is  the  26th  in  a  series  of  reports  prepared  by  Massa¬ 
chusetts  Institute  of  Technology  (MIT)  under  contract  with  the  U.  S.  Army 
Engineer  Waterways  Experiment  Station  (WES ) .  The  report  was  prepared  by 
Dr.  Robert  V.  Whitman,  Professor  of  Civil  Engineering,  MIT.  Helpful  com¬ 
ments  and  guidance  were  provided  by  Messrs.  R.  W.  Cunny,  J.  G.  Jackson,  Jr., 
R.  C.  Sloan,  P.  F.  Hadala,  and  Dr.  J.  S.  Zelasko,  Soils  Division,  WES. 

At  the  time  of  publication  of  this  report,  COL  Levi  A.  Brown,  CE, 
was  Director  of  WES,  and  M.*.  F.  R.  Brown  was  Technical  Director. 
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This  report,  the  26th  in  a  series  of  reports  prepared  under  contract 
by  MIT,  deals  with  the  role  of  soil  mechanics  with  regard  to  weapons  ef¬ 
fects  prediction  and  protective  construction  design.  It  assesses  the 
state-of-the-art  as  of  1967,  and  summarizes  all  the  research  performed 
under  the  contract  as  well  as  contributions  by  other  investigators.  Re¬ 
sults  from  field  experiments  end  theoretical  analyses  are 'interpreted  so  as 
to  show  the  relation  between  soil  properties  and  such  phenomena  as  crater 
size  and  shape,  ground  motions,  and  response  of  buried  structures.  Chap¬ 
ters  deal  specifically  with  the  evaluation  of  dynamic  uniaxial  strain  and 
dynamic  shear  strength,  and  with  the  relation  between  seismic  wave  velocity 
and  soil  properties.  Appendix  A  contains  abstracts  of  the  26  earlier  re¬ 
ports  issued  under  the  contract.  Appendix  B  gives  a  brief  history  of  the 
MIT  soil  dynamics  contract. 
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CHAPTER  1  INTRODUCTION 


1.1  PURPOSE  AND  SCOPE  OF  THIS  REPORT 

This  report  deals  with  soil  dynamics  as  it  applies  to  the  prediction 
of  the  effects  of  nuclear  weapons  and  to  the  design  of  protective  struc¬ 
tures  to  resist  these  effects.  In  particular,  this  report  strives  to  indi¬ 
cate  which  properties  of  soil  are  important  to  such  tasks,  just  how  these 
properties  enter  into  the  analyses  which  are  commonly  performed  in  connec¬ 
tion  with  these  tasks,  and  how  numerical  values  of  these  properties  may  be 
determined  for  individual  practical  problems. 

Although  mention  is  made  of  all  aspects  of  soil  dynamics  as  it  applies 
to  nuclear  weapons  effects  and  protective  construction,  this  report  is  pri¬ 
marily  concerned  with  airblast-induced  ground  shock  and  with  the  effects  of 
this  ground  shock  upon  shallow-buried  structures.  The  content  of  the  re¬ 
port  is  based  principally  upon  the  research  performed  under  the  existing 
contract,  and  serves  as  a  final  report  for  that  contract.*  The  report  has 
also  been  heavily  influenced  by  the  experiences  of  the  writer  ir  the  set¬ 
ting  of  ground  motion  criteria  for  the  design  of  protective  structures  for 
the  Atlas,  Titan,  and  Minuteman  missile  systems,  and  in  the  evaluation  and 
selection  of  sites  for  those  facilities.  Research  results  obtained  by 
other  engineers  and  researchers  are  included  in  the  discussions  in  this 
report,  insofar  as  they  bear  upon  topics  which  have  been  studied  by  the 
writer. 

The  writer  already  has  undertaken  one  summary  of  soil  dynamics  in  the 
context  of  nuclear  weapons  effects  and  protective  structures :  Part  II 
(Soils)  of  NUCLEAR  GEOPLOSICS.  In  that  earlier  summary,  testing  equipment 
available  for  the  study  of  soil  during  dynamic  loadings  and  measurements 
obtained  using  this  equipment  were  described  in  great  detail.  This  infor¬ 
mation  was  then  used  as  a  basis  for  indicating  which  properties  of  soil 
might  be  especially  important  in  practical  problems. 

In  this  report,  the  approach  is  reversed.  Chapter  2  discusses,  in 


*  Reports  issued  under  this  contract  are  listed  in  Appendix  A,  which  pre¬ 
sents  an  abstract  of  each  report.  Appendix  B  contains  a  brief  history 
of  research  in  soil  dynamics  at  MIT. 
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general  terms,  the  ways  in  which  soil  properties  enter  into  the  prediction 
of  nuclear  weapons  effects  and  protective  construction  design.  The  subse¬ 
quent  chapters  then  discuss  tliree  particular  aspects  of  soil  behavior  which 
have  been  found  to  be  of  especially  great  importance  in  practical  work: 
shear  strength,  compressibility  as  measured  in  the  oedometer  test,  and  the 
velocity  of  propagation  of  seismic  waves.  This  report  emphasizes  the  im¬ 
portant  general  features  of  soil  behavior  and  practical  procedures  for 
estimating  numerical  values  of  these  properties  for  use  in  particular 
problems.  The  reader  is  referred  to  NUCLEAR  GEOPLOSICS  for  more  detai led 
information . 

There  is  another  difference  between  this  report  and  NUCLEAR  GEOPLOSICS 
this  report  presumes  familiarity  with  the  subject  matter  of  soil  mechanics, 
whereas  NUCLEAR  GEOPLOSICS  was  written  for  a  much  broader  audience. 

1.2  WHAT  IS  SOIL  DYNAMICS? 

As  a  body  of  knowledge,  soil  mechanics  involves:  (a)  a  collection  of 
facts  and  interpretations  concerning  the  stress-strain  behavior  of  soil, 
together  with  a  set  of  practical  procedures  for  evaluating  the  stress- 
strain  properties  to  he  used  in  any  particular  problem;  and  (b)  theoretical 
methods  for  relating  the  movements  within  a  mass  of  soil  to  the  applied 
loadings  and  boundary  conditions,  taking  into  consideration  the  stress- 
strain  properties  of  the  soil.  Both  of  these  aspects  of  soil  mechanics 
have  their  complications.  The  stress-strain  behavior  of  soil  is  extremely 
complex.  Evaluating  stress  and  strain  distributions  within  a  continuum  is 
also  a  complex  problem- -much  more  difficult  than  analyzing  framed  struc¬ 
tures,  especially  when  the  continuum  is  not  a  linearly  elastic  material. 

Soil  dynamics,  which  is  a  branch  of  soil  mechanics,  is  characterized 
by  two  additional  complications:  (a)  it  is  necessary  to  know  the  stress- 
strain  behavior  of  soil  during  loadings  which  are  rapidly  applied  and  of 
short  duration,  and  which  are  often  repeated  several  times  in  rapid  succes¬ 
sion;  and  (b)  it  is  necessary  to  account  for  the  inertia  forces  which  are 
developed  within  a  mass  of  soil. 

The  stress-strain  behavior  of  soil  during  rapidly  applied  loadings  is 
fundamentally  the  same  as  that  during  ordinary  rates  of  loading,  although 
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the  numerical  value  of  the  ratio  of  stress  to  strain  is  generally  increas¬ 
ing  as  the  rate  of  loading  increases.  In  other  words,  the  effect  of  rapid 
loadings  is  to  cause  quantitative  rather  than  qualitative  differences. 
Certain  aspects  of  stress-strain  behavior  often  assume  greater  importance 
in  dynamic  problems  than  in  static  problems :  for  example ,  the  energy  lost 
per  cycle  of  loading,  and  loss  of  strength  with  successive  cycles  of  load¬ 
ing.  These  aspects  can  be  observed  in  static  stress-strain  tests,  but 
engineers  seldom  worry  about  these  aspects  when  dealing  with  the  effects 
of  static  loadings. 

On  the  other  hand,  the  need  to  account  for  the  effects  of  inertia 
forces  makes  dynamic  problems  qualitatively  very  different  from  static 
problems.  That  is,  the  presence  of  inertia  forces  generally  means  that  the 
whole  way  of  looking  at  a  problem  must  be  changed.  New  concepts,  such  as 
those  associated  with  wave  propagation,  must  be  utilized.  It  is  this  as¬ 
pect  of  soil  dynamics  which  tends  to  set  it  apart  from  the  rest  of  soil 
mechanics. 

1.3  GENERAL  LOOK  AT  THE  STRESS-STRAIN  BEHAVIOR  OF  SOIL 

Soil  is  particulate;  i.e.  it  is  composed  of  a  system  of  discrete  min¬ 
eral  particles  which  are  more  or  less  free  to  move  relative  to  one  another, 
subject  to  the  forces  of  adhesion  and  friction  between  particles  and  to  the 
geometric  constraints  imposed  by  the  arrangement  of  the  particles.  Being 
particulate,  soil  is  also  inherently  multiphase.  Except  when  the  soil  is 
in  a  vacuum,  the  pore  spaces  between  the  mineral  particles  must  be  filled 
with  some  fluid,  usually  air  or  water  or  both,  and  the  interaction  between 
mineral  skeleton  and  pore  phase  has  great  influence  upon  the  stress-strain 
behavior  of  the  soil. 

Since  soil  is  particulate  and  thus  multiphase,  it  would  be  expected 
that  soil  would  exhibit  complex  stress-strain  properties:  nonlinear,  irre¬ 
versible,  and  time-dependent  effects,  as  well  as  sensitivity  to  stress 
level  and  stress  history.  Two  general  aspects  of  the  stress-strain  be¬ 
havior  of  soil  are  especially  important  as  discussed  below. 

1.3*1  Behavior  During  Compression  and  Shear.  The  first  important 
general  aspect  is  the  difference  in  behavior  during  compression  which 
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produces  little  shearing  action  and 
compression  which  produces  much 
shearing  action  (see  fig.  1.1 ).  In 
both  cases  the  behavior  results 
principally  from  relative  motions 
between  particles.  In  the  case  of  a 
confined  compression,  the  particles 
are  pushed  into  progressively 
tighter  packings  with  their  neigh¬ 
bors,  while  during  shear  the  parti¬ 
cles  are  rolled  and  shoved  past 
their  neighbors.  For  small  changes 
in  stress,  the  behavior  during  the 
two  forms  of  compression  is  similar. 
However,  large  changes  in  stress 
cause  quite  different  kinds  of  behavior  during  the  two  forms  of  compression. 

The  type  of  test  chosen  to  evaluate  stress-strain  behavior  in  a  given 
situation  must  reflect  the  type  of  confinement  and  magnitude  of  stress 
change  expected  in  that  problem. 

1.3.2  Hydrodynamic  Time  Lag.  The  second  important  general  aspect 
arises  from  the  occurrence  of  relative  movement  between  the  mineral  skele¬ 
ton  and  the  pore  fluid.  When  a  saturated  soil  is  compressed,  water  tends 
to  flow  out  of  the  soil.  However, 
certain  time  is  required  for  this 
movement  of  water.  During  a  load  of 
short  duration,  there  may  be  no  flow 
of  water,  and  hence  a  soil  will  com¬ 
press  much  less  during  a  rapid  loading 
than  it  will  during  a  slow  loading  of 
the  same  magnitude  (see  fig.  1.2). 

The  movement  of  water  out  of  or 
into  soil  as  the  result  of  some  change 
in  the  applied  load  is  referred  to  as 
consolidation  or  swell,  respectively, 
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and  the  time  required  to  complete  this  movement  is  the  hydrodynamic  time 
lag  or  consoliaation  time .  The  hydrodynamic  time  lag  of  a  mass  of  soil  is 
a  function  of  (a)  type  of  pore  fluid,  (b)  permeability  and  compressibility 
of  the  soil,  (c)  size  of  the  soil  mass,  and  (d)  drainage  provided  along  the 
boundaries  of  the  soil  mass.  For  a  large  soil  mass  typically  involved  in 
practical  problems  and  composed  of  coarse,  granular  soil,  the  consolidation 
time  will  generally  be  on  the  order  of  a  few  minutes  or  les” .  For  a  fine¬ 
grained  cohesive  soil,  the  consolidation  time  may  range  from  days  uo  years 
to  decades,  depending  upon  the  size  of  the  soil  mass. 

The  amount  of  consolidation  of  a  given  soil  mass  during  a  given  load¬ 
ing  is  controlled  by  the  ratio  of  the  duration  of  the  load  to  the  consoli- 


dation  time  of  the  soil  deposit. 

The  .following  rules 

apply: 

. .  Consolidation  Time 
Ka  0  Duration  of  Load 

Condition  of 
Soil  Mass 

Time  Period 
Shown  in 
Fig.  1.2 

«1 

Drained 

C 

»1 

Undrained 

A 

a  1 

Partially  drained 

B 

With  the  rates  of  loading  encountered  in  ordinary  soil  engineering  work, 
deposits  of  coarse,  granular  soil  usually  are  fully  drained.  However,  such 
a  deposit  may  be  only  partially  drained  or  even  undrained  during  a  dynamic 
loading.  Fine-grained  cohesive  soils  may  be  either  drained,  partially 
drained,  or  undrained  during  the  loadings  encountered  in  ordinary  practice. 
During  dynamic  loadings,  such  soils  usually  are  undrained. 

Other  types  of  time-dependent  effects  are  also  present  in  soils,  but 

% 

the  hydrodynamic  time  lag  is  by  far  the  most  important. 

1.3*3  Use  of  Approximate  Stress-Strain  Rules.  In  view  of  the  com¬ 
plexity  of  the  st- ess-strain  behavior  of  soils,  it  is  not  surprising  that 
there  is  no  one  complete  description  of  the  stress-strain  properties. 
Rather,  engineers  must  adopt  simplified  "models"  for  the  behavior  of  soils. 
The  model  adopted  for  any  particular  problem  must  emphasize  the  aspects  of 
soil  behavior  which  are  most  important  to  that  particular  problem.  Chap¬ 
ter  2  will  indicate  some  of  the  "models"  for  soil  behavior  which  have  been 
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found  particularly  useful  for  problems  involving  nuclear  weapons  effects  in 
protective  construction  design. 

1.4  HERITAGE  OF  SOIL  MECHANICS 

1.4.1  Value  of  Experience.  The  practice  of  foundation  and  earthwork 
engineering  has  acquired  the  reputation  of  being  an  art,  in  which  experi¬ 
ence  and  judgment  are  paramount  and  theory  is  relegated  to  a  minor  role . 

To  a  large  extent,  of  course,  the  same  statement  can  be  made  concerning  any 
branch  of  engineering,  but  it  is  especially  true  of  foundation  and  earth¬ 
work  engineering. 

There  are  indeed  sound  reasons  why  experience  must  play  an  important 
role  in  foundation  and  earthwork  engineering.  Two  of  these  reasons  have 
already  been  mentioned:  (a)  soil  has  a  complex  stress-strain  behavior,  and 
(b)  soil  occurs  as  a  massive  continuous  body  rather  than  as  a  simple, 
framed  structure.  Approximations  are  thus  necessary  if  one  wants  to  esti¬ 
mate  the  motions  which  will  occur  within  soil  masses,  and  experience  and 
judgment  are  always  necessary  for  the  intelligent  application  of  engineer¬ 
ing  approximations.  Even  more  important,  soil  is  a  natural  material  sus¬ 
ceptible  of  large  variations  from  site  to  site  and  within  a  particular 
site.  The  nature  of  the  soil  at  any  site  must  be  revealed  by  sampling, 
which  actually  "sees"  only  an  infinitesimal  portion  of  the  soil  at  the 
site.  Often  a  very  thin  layer  of  soil,  easily  missed  by  random  sampling, 
will  completely  control  the  engineering  behavior  of  the  soil  mass.  Again, 
experience  and  judgment  are  necessary  when  estimating  the  response  of 
natural  soil  deposits. 

1.4. "2  Role  of  Theory.  On  the  other  hand,  theory  clearly  cannot  be 
ignored.  Only  through  use  of  theory  can  an  engineer  satisfactorily  extrap¬ 
olate  his  experience  to  new  unprecedented  situations  (different  forms  of 
loading,  different  types  of  design  criteria,  etc.).  New  situations  of  this 
type  have  occurred  frequently  in  the  protective  construction  field  within 
the  past  several  decades,  as  well  as  in  other  fields  in  which  soil  dynamics 
plays  an  important  role. 

The  past  practice  of  soil  engineering  provides  valuable  insights  into 
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the  proper  and  improper  use  of  theory.  There  are  two  general  ways  in  which 
theory  can  properly  be  applied: 

(a)  By  fitting  a  theory  (which  may  be  either  very  simple  or  of  any 
degree  of  sophistication)  to  experience  through  proper  evaluation 
of  the  parameters.  This  approach  does  not  eliminate  uncertainty, 
since  there  is  always  the  question  of  whether  the  experience  can 
properly  be  extrapolated  in  this  way  to  the  next  (and  possibly 
quite  different)  situation.  Nonetheless,  when  used  with  judgment 
this  is  a  valid  approach.  For  any  new  application  of  the  theory, 
fairly  precise  quantitative  data  will  be  required  regarding  the 
properties  of  the  soil. 

(b)  Use  of  theory  to  help  understand  what  might  happen  in  a  new  situ¬ 
ation;  i.e.,  use  of  theory  to  investigate  the  consequences  of  the 
several  assumptions  which  might  reasonably  be  made  to  blanket  the 
uncertainties  concerning  the  nature  of  the  soil  at  a  site.  This 
is  generally  the  approach  which  must  be  taken  whenever  experience 
is  limited.  It  is  essential  that  ca.  ilations  be  made  in  such  a 
way  that  there  is  a  clear  relation  between  each  assumption  and 
its  effect.  For  this  approach,  knowledge  of  the  general  features 
of  stress-strain  behavior  is  essential,  together  with  data  to 
indicate  the  possible  range  of  parameters.  That  is,  the  data 
must  be  qualitative  rather  than  quantitative. 

Experience  has  also  shown  that  it  is  inproper  to  make  one  very  complex 
calculation  using  a  single  set  of  assumed  soil  properties.  From  the  quan¬ 
titative  standpoint,  the  results  of  such  a  calculation  may  be  vastly  in 
error  because  of  all  the  questionable  assumptions  which  inevitably  will 
have  been  made.  From  the  qualitative  standpoint,  the  results  will  not  give 
clear  cause-and-effect  relations  between  each  assumption  and  its  conse¬ 
quence,  and  thus  will  fail  to  provide  even  a  basis  for  engineering  judgment. 

1.4.3  Application  of  Experience  and  Theory.  Thus  value  is  derived 
from  both  experience  and  judgment  and  the  intelligent  use  of  theory.  The 
challenge  in  every  soil  engineering  problem  is  to  satisfactorily  blend  both 
of  these  approaches  to  arrive  at  the  best  possible  solution. 
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CHAPTER  2  SOIL  DYNAMICS  AS  PERTAINING  TO  NUCIEAR  WEAPONS 
EFFECTS  AND  PROTECTIVE  CONSTRUCTION  DESIGN 


2.1  MECHANICAL  EFFECTS  OF  NUCLEAR  EXPLOSIONS 

A  large,  near-surface  nuclear  explosion  produces  three  general  mechan¬ 
ical  phenomena:  (a)  formation  of  a  crater;  (b)  generation  of  an  airblast 
wave  which  sweeps  outward  over  the  surface  of  the  earth;  and  (c)  generation 
of  stress  waves  within  the  earth,  as  a  result  of  energy  entexing  the  earth 
immediately  at  the  point  of  the  explosion  (directly  induced  ground  shock) 
and  also  as  a  result  of  the  loadings  of  the  ground  surface  by  the  airblast 
wave  (airblast-induced  ground  shock).  These  three  phenomena  are  depicted 
schematically  in  fig.  2.1.  All  three  are  of  interest  to  civil  engineers 
and  are  affected  in  some  way  by  soil  dynamics. 


Fig.  2.1  Mechanical  effects  of  near-surface  nuclear  explosion 

The  size  of  the  crater  formed  by  an  explosion  is  itself  of  interest  in 
protective  construction  design  and  in  the  military  or  civil  use  of  nuclear 
explosions  for  demolition  or  excavation  (Nordyke  et  al.,  1963*;  Graves, 
1964;  Vortman,  1964).  The  crater  is  of  course  a  zone  of  total  destruction. 
The  earth  thrown  out  of  the  crater  (ejecta)  and  landing  in  the  area  immedi¬ 
ately  around  the  crater  will  bury  and  often  render  useless  any  facilities 


*  See  Literature  Cited  at  end  of  text. 
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located  close  to  the  crater.  Obviously  the  response  of  soils  to  dynamic 
loadings  must  have  some  bearing  on  the  size  and  shape  of  the  crater  formed 
by  such  an  explosion. 

The  airblast  sweeping  outward  from  the  point  of  the  explosion  will 
impose  loadings  upon  surface  and  above-surface  structures.  Airblast  will 
totally  destroy  almost  all  aboveground  structures  located  near  the  point  of 
the  explosion.  However,  properly  designed  structures  located  at  some  dis¬ 
tance  from  the  explosion  can  survive,  and  the  design  of  such  structures  is 
of  prime  interest  in  civil  defense  (Newmark,  1965).  Moreover,  very  special 
structures  of  low  profile,  such  as  radar  antennas,  can  survive  severe  air- 
blast  and  are  of  interest  in  military  applications.  Since  the  foundation 
supporting  a  structure  often  has  some  influence  upon  the  way  in  which  a 
building  will  respond  to  this  type  of  loading,  soil  dynamics  is  of  impor¬ 
tance  to  the  problem  of  structures  subjected  to  airblast  loadings. 

The  stress  waves  generated  within  the  earth  are  of  interest  because 
they  cause  the  earth  to  deform  and  move,  thus  causing  forces  upon  and  move¬ 
ments  of  structures  founded  upon  or  located  within  the  earth.  Prime  mili¬ 
tary  targets  which  might  be  the  subject  of  direct  nuclear  attack,  such  as 
missile  emplacements  and  command  centers,  must  be  located  underground  and 
must  be  designed  to  withstand  such  stress  waves  (Newmark,  1965)*  The  prop¬ 
agation  of  stress  waves  through  earth  and  the  interaction  of  these  stress 
waves  with  structures  are  obviously  problems  in  soil  dynamics.  For  sim¬ 
plicity  in  dealing  with  the  enormously  complicated  problem  of  these  stress 
waves  and  their  effects,  it  has  been  found  convenient  to  break  the  problem 
into  the  four  parts  shown  in  table  2.1. 

Thus  we  have  six  types  of  problems  in  which  soil  dynamics  enters  into 
protective  construction  and  nuclear  weapons  effects:  (a)  cratering; 

(b)  the  effect  of  foundation  conditions  on  the  motion  of  surface  struc¬ 
tures;  (c)  free-field  ground  motions  and  stresses  with  airblast-induced 
stress  waves;  (d)  soil-structure  interaction  with  airblast-induced  stress 
waves;  (e)  free-field  motions  and  stresses  with  directly  induced  stress 
waves;  and  (f)  soil- structure  interaction  with  directly  induced  stress 
waves.  The  following  sections  will  discuss  the  soil  properties  pertinent 
to  each  of  these  problem  aieas,  both  from  a  general  standpoint  and  in 
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connection  with  specific  problem  analyses.  Most  of  the  emphasis  will  be  on 
problems  (a),  (c),  and  (d),  which  are  the  problems  with  which  the  author  is 
most  familiar  and  toward  which  most  of  the  work  of  the  present  contract  has 
been  oriented. 

Although  this  chapter  will  provide  some  quantitative  information  re¬ 
garding  the  size  of  craters  and  the  magnitude  of  directly  induced  and 
airblast - induced  ground  shock,  the  reader  who  wishes  more  detailed  informa¬ 
tion  can  consult  the  following  basic  references: 

Effects  of  Nuclear  Weapons ,  3.  Glas stone,  editor,  Supt  of  Documents, 

U.  S.  Government  Printing  Office,  Washington,  D.  C.,  1962. 

Nuclear  Geoplosics,  F.  Sauer  (Stanford  Research  Institute),  editor-in- 
chief,  Defense  Atomic  Support  Agency,  Washington,  D.  C.,  DASA  1285 
in  five  volumes. 

Design  of  Structures  to  Resist  Nuclear  Weapons  Effects,  Manual  No.  42, 
American  Society  of  Civil  Engineers,  New  York,  1961. 

"A  Review  of  Nuclear  Explosion  Phenomena  Pertinent  to  Protective  Con¬ 
struction,"  H.  L.  Brode,  Report  R-425-ER,  Rand  Corporation,  May 
1964. 

"Air  Force  Design  Manual  -  Principles  and  Practices  for  Design  of 
Hardened  Structures,"  Air  Force  Special  Weapons  Center  (now  Air 
Force  Weapons  Laboratory),  Kirtland  AFB,  New  Mexico,  AFSWC-TDR- 
62-138,  AD  295^08,  1962. 

These  references  also  provide  information  regarding  other  important  effects 
of  nuclear  explosions:  thermal,  radiation,  and  electromagnetic. 

2.2  CRATERING 

2.2,1  General  Features  of  a  Crater.  Fig.  2.2  shows  the  general  fea¬ 
tures  of  a  crater  resulting  from  a  large  near-surface  explosion. 

The  crater  as  viewed  from  above  is  called  the  apparent  crater .  The 
dimensions  of  the  apparent  crater  are  measured  with  respect  to  the  original 
ground  surface.  Thus  the  apparent  diameter  is  measured  at  the  elevation  of 
the  original  ground  surface,  and  the  apparent  depth  is  measured  from  the 
original  surface . 

Such  a  crater  is  partially  filled  with  earth  which  has  been  thrown 
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Fig.  2.2  Cross  section  through  crater  of  Teapot-ESS 


into  the  air  by  the  explosion  and  then  has  fallen  back  into  the  crater. 

This  material  is  called  fallback.  Similarly,  the  surface  of  the  ground 
around  the  crater  is  covered  in  varying  degrees  by  throwout .  The  true 
crater  is  defined  as  the  boundary  between  the  fallback  or  throwout  and  the 
underlying  material  which  has  been  crushed  and  fractured  but  which  has  not 
been  thrown  into  the  air  and  experienced  free  fall. 

Often  it  is  difficult  to  distinguish  precisely  the  boundaries  of  the 
true  crater.  The  earth  within  the  rupture  zone  is  displaced,  having  been 
pushed  down  below  the  crater  and  pushed  upward  and  outward  at  the  sides  of 
the  crater.  These  motions  are  large,  and  there  is  not  always  a  clear  dis¬ 
tinction  between  this  sheared  and  compressed  material  and  that  which  has 
been  thrown  from  the  crater  and  fallen  back.  Note  that  the  crater  lip  is 
formed  in  part  by  upthrust ing  of  the  more  or  less  intact  material  of  the 
rupture  zone. 

It  is  even  more  difficult  to  differentiate  the  rupture  zone  from  the 
surrounding  plastic  zone .  Near  the  true  crater  interface  there  are  large 
amounts  of  fracturing  by  shear  failure  and  crushing  by  compressive  stresses 
and  gross  displacements  by  faulting  and  under thrust ing  are  generally  seen. 
The  severity  of  these  effects  decreases  with  increasing  distance  into  the 
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rupture  zone,  until 
near  the  interface 
between  the  rupture 
zone  and  the  plas¬ 
tic  zone  only 
small-scale  shear 
failures  are  found. 
In  the  plastic  zone 
there  are  small, 
uniform,  permanent 
displacements  which 
gradually  disappear 
with  increasing 
distance  into  the 
elastic  zone . 

The  various 
features  of  a  cra¬ 
ter  are  affected 
greatly  by  the  lo¬ 
cation  of  the  ex¬ 
plosive  charge  rel¬ 
ative  to  the  ground 
surface  as  indi¬ 
cated  in  fig.  2.3. 
Fig.  2.4  gives  ap¬ 
parent  crater 
dimension  data  ob¬ 
tained  from  detona¬ 
tion  of  small 
(256-lb*)  high- 
explosive  (HE) 
charges;  large 
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SURFACE  BURIAL 


Fig.  2.3  Typical  crater  profiles  versus  depth  of 
burst  for  alluvium  (from  Nor dyke,  196la) 


*  A  table  of  factors  for  converting  British  units  of  measurement  to  metric 
units  is  presented  on  page  xxiii. 
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DEPTH  OF  BURST  (ft) 

Fig.  2.4  Crater  dimensions  versus  depth  of  burst  for  256-lb  HE  shots 
in  NTS  alluvium  (from  Nor dyke,  196la) 

explosions  produce  similar  trends.  Explosions  above  the  ground  surface 
tend  to  create  a  shallow  depression  with  a  barely  distinguishable  lip.  Thd 
depth  of  the  crater  and  the  height  of  the  lip  increase  when  the  explosion 
point  is  right  at  ground  surface,  and  increase  even  more  dramatically  as 
the  explosion  point  moves  somewhat  below  ground  surface.  However,  deeply 
buried  explosions  will  produce  only  ar.  underground  cavity  and  perhaps  some 
settling  of  the  surface.  The  depth  of  burial  which  gives  maximum  crater 
dimensions  is  called  the  optimum  depth . 

This  general  concept  has  been  developed  from  experiments  in  dry  soils 
and  rocks.  If  there  is  a  high  (i.e.  near  the  surface)  water  table,  the 
concept  may  change  somewhat  as  will  be  discussed  subsequently. 

2.2.2  Sizes  of  Craters.  The  following  references  have  compiled  data 
from  cratering  experiments  through  i960:  Sager  at  al.  (i960);  Strange 
et  al.  (1961);  and  Nordyke  (1961b).  More  recent  references  include  Rooke 
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and  Chew  (1965 )  and  Nordyke  (1964) .  Although  this  section  will  consider 
only  craters  caused  by  a  single  charge,  craters  produced  by  multiple 
charges  have  also  been  studied.  Row  charges,  which  night  be  used  to  exca¬ 
vate  a  canal,  are  of  special  interest. 

Effect  of  size  of  explosion:  The  parameter  which  has  most  effect 
upon  the  size  of  a  crater  is  of  course  the  energy  released  by  the  explosion. 
The  standard  unit  for  rating  explosives  is  the  equivalent  weight  of  TNT. 

Thus  a  nuclear  explosive  may  be  rated  as  20 0  kt,  meaning  that  the  energy 
release  is  the  same  as  that  for  400,000,000  lb  of  TNT.  This  method  of  rat¬ 
ing  leads  to  some  problems,  especially  when  comparing  the  results  of  cra¬ 
ters  produced  by  high  explosives  and  nuclear  devices,  since  the  time  his¬ 
tory  and  general  nature  of  the  energy  release  are  different  for  the  two 
types  of  explosives. 

For  a  surface  explosion,  it  generally  is  assumed  that  crater  dimen¬ 
sions  scale  as  w1/^  ,  where  W  is  the  equivalent  weight.  A  1-kt  nuclear 
surface  burst  in  desert  alluvium  produces  approximately  the  following 
crater  dimensions : 


Apparent  diameter:  130  ft 

Apparent  depth:  32  ft 

Height  of  lip:  8  ft 

Following  the  usual  scaling  law,  a  20-Mt  surface  burst  in  the  same  soil 
would  produce  these  dimensions : 

Apparent  diameter :  3500  ft 

Apparent  depth:  85 0  ft 

Height  of  lip:  210  ft 

For  belowTground  explosions,  the  situation  is  much  more  complicated. 

0 . 295 

The  available  evidence  indicates  that  dimensions  scale  more  like  W  or 
0  25 

even  W  .  The  proper  exponent  for  the  scaling  law  has  received  consid¬ 
erable  discussion:  for  example,  see  Nordyke  (1961b)  and  Chabai  and  Hankins 
(i960) .  The  largest  crater  actually  measured  (the  SEDAN  crater  in  desert 
alluvium,  caused  by  a  buried  nuclear  device  rated  at  100  kt)  had  dimensions 
as  shewn  in  table  2.2.  The  table  also  shows  the  difference  in  the  pre¬ 
dicted  crater  dimensions  for  a  10-Mt  explosion  using  the  several  scaling 
laws . 
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Table  2.2 

Crater  Dimensions  According  to  Various  Soali 


N 

(100-kt) 

Actual 


Scaled  to  10  Mt 
,,0.295 


Apparent  diameter,  ft 
Apparent  depth,  ft 


Effect  of  type  of  soil:  Clearly  the  type  of  soil  or  rock  in  which  the 
explosion  occurs  must  have  some  influence  upon  the  dimensions  of  the  re¬ 
sulting  crater.  Fig.  2.5  compares,  for  example,  craters  produced  in  dry 
alluvium  and  wet  clay  by  256-lb  HE  charges.  However,  the  effect  of  soil 
type  upon  crater  size  is  still  largely  undetermined,  owing  to  the  scarcity 
of  large  cratering  explosions. 


C  111  -2 

o  o 


RADIUS  FROM  GROUND  ZERO,  FT 

Fig.  2.5  Apparent  craters  from  256 -lb  HE  charges 
(from  Swift  and  Sachs,  1954) 

•Fig.  2.6  gives  data  showing  the  size  of  craters  produced  by  rather 
small  HE  charges  in  various  soils  and  rocks .  Crater  sizes  in  most  soils 
and  rocks  are  surprisingly  similar.  Larger  explosions  appear  to  give  even 
less  difference  in  crater  size  for  various  media.  Craters  in  hard  rock  are 
usually  taken  to  have  dimensions  0.8  times  those  in  dry  soil.  Craters  in 
soft  rock  have  generally  run  about  the  same  as  those  in  dry  soil. 
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Craters  in  saturated  clays  and  sands  have  shown  dimensions  averaging  1.7 
times  those  in  dry  soils. 

2.2.3  Processes  of  Crater  Formation.  Study  of  the  craters  formed  by 
large  explosions  can  conveniently  be  divided  into  three  phases  as  follows 
(see  fig.  2.7) : 


L 


CRATER 


SIZE  ANO  SHAPE  AFFECTED 
BY  RESISTANCE  OF  SOIL  TO 
SUDDEN  SHEARING  LOADS 


CRATER  WALLS  SLUfrfF  AS 
SJRROUNDING  SOIL  REBOUNDS 
TOWARD  THE  CRATER 


(a)  Formation  of  true 
crater :  During 
this  phase,  earth 
is  moved  outward 
from  the  point  of 
the  explosion,  in 
part  by  throwing 
earth  upward  into 
the  air  and  in  part 
by  distorting  and 
compressing  the 


SLOPE  FAILURES  CAUSED  BY 
GRADUAL  DECREASE  IN  THT  !  HEAR 
RESISTANCE  OF  THE  SOIL 


earth. 

(b)  Immediate  rebound: 
During  this  phase, 
earth  which  has 
been  thrown  into 


Fig.  2.7  Phases  of  crater  formation 


the  air  falls  back 
into  the  crater  and 


onto  the  surface  around  the  crater,  and  the  compressed  and  dis¬ 
torted  earth  around  the  crater  rebounds  toward  the  crater. 

(c)  Long-term  stability:  During  this  phase,  natural  geological  proc¬ 
esses  bring  about  the  gradual  reduction  of  the  crater  volume. 

The  first  two  phasds  involve  dynamic  processes,  and  are  intimately  coupled 
together.  Practically  speaking,  it  is  impossible  to  say  when  the  first 
phase  ends  and  the  second  begins .  For  the  typical  explosion,  some  earth 
undoubtedly  is  moving  outward  while  other  earth  has  already  started  to  re¬ 
bound.  Nonetheless,  it  is  convenient  to  discuss  the  two  phases  separately 
since  soil  properties  enter  in  a  different  way  for  each  phase.  The  third 
phase  involves  essentially  static  phenomena;  discussion  of  this  phase  is 
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included  here  only  because  it  is  of  much  interest  in  connection  with  a  dy¬ 
namic  process. 

Formation  of  the  true  crater:  Three  general  processes  are  involved  in 
causing  the  outward  movement  of  earth  during  formation  of  the  true  crater: 

(a)  compaction  of  the  earth  beneath  and 
to  the  sides  of  the  explosion  point; 

(b)  spall  of  the  ground  surface  above 
the  explosion,  as  the  initial  stress 
wave  from  the  explosion  reaches  the  sur¬ 
face,  and  (c)  acceleration,  over  a 
longer  period  of  time ,  of  the  soil 
around  the  explosion.  Fig.  2.8  suggests 
the  relative  contribution  of  these  three 
processes . 

The  first  two  of  these  processes 
have  received  considerable  attention 


Fig.  2.8  Relative  contributions 
of  various  mechanisms  to  appar¬ 
ent  crater  depth  for  explosion 
crater  (from  Nordyke,  196lb) 


from  physicists :  see  Brode  and  Bjork 
(i960),  Knox  and  Terhune  (1964).  De¬ 
tailed  calculations  have  been  made  tracirg  the  effect  of  the  first  wave 
coming  outward  from  the  explosion.  Figs.  2.9  and  2.10  show,  as  an  example, 


Pressure  field,  kb 
t  =  52  msec 


Fig,  2.9  Computed  pressures  caused  by  1-Mt  surface  explosion 

(from  Brode,  1964) 
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Fig.  2.10  Computed  particle  velocities  caused  by  1-Mt  surface  explosion 

(from  Brode,  1964) 

the  calculated  pressures  and  particle  velocities  at  a  particular  instant  of 
time  following  a  hypothetical  1-Mt  nuclear  surface  burst.  Note  the  magni¬ 
tude  of  the  pressures  (l  kb  «  14,500  psi).  The  throvout  of  soil  from  the 
ground  surface  is  evident  from  the  vectors  in  fig.  2.10.  Calculations  such 
as  these  assume  that  the  shear  resistance  of  the  soil  is  negligible  com¬ 
pared  to  the  large  stresses;  i.e.  that  the  soil  behaves  as  a  fluid.  The 
region  in  which  this  condition  is  valid,  the  so-called  hydrodynamic  region, 
probably  is  contained  within  the  true  crater.  A  compressive  stress-strain 
relation  or  equation-of-state  which  accounts  for  thermal  effects  and  phase 
changes  at  the  very  high  temperatures  and  pressures  is  required  for  the 
calculations.  To  date,  results  of  these  calculations  provide  the  best 
basis  for  estimating  the  stresses  existing  in  the  soil  immediately  at  the 
boundary  of  the  crater,  in  spite  of  the  possibility  that  the  true  hydro- 
dynamic  zone  ends  somewhere  within  the  true  crater.  The  calculations  can 
also  be  used  to  predict  patterns  of  throwout,  and  correlations  have  been 
made  between  the  theoretical  results  and  field  observations  (Hess  and 
Nordyke,  1961).  High-speed  photographs  of  the  ground  rise  above  an  explo¬ 
sion  (fig.  2.11)  have  been  invaluable  in  the  study  of  throwout. 
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Fig.  2.11  Sequence  views  of  ground  rise  at  ground  zero 
in  Scooter  event  (from  Violet,  1961) 

Gas  acceleration  is  the  predominant  effect  during  the  final  stages  of 
crater  formation,  and  thus  greatly  influences  the  size  of  the  true  crater. 
The  calculation  mentioned  in  the  previous  paragraph  also  accounts  for  the 


21 


effect  of  gas  acceleration,  at  least  cut  to  the  time  at  which  the  pressures 
decrease  to  the  point  where  the  shear  strength  of  the  earth  is  significant. 
Soil  engineers  have  made  several  rather  crude  analyses  which  consider  the 
effect  of  gas  acceleration  together  with  the  strength  of  soil:  Whitman 
and  Taylor  (199^)>  Whitman  (1999),  and  Vesic  and  Barksdale  (190?). 

Although  these  calculations  are  too  naive  to  give  good  quantitative 
predictions  of  crater  size,  they  have  helped  to  explain  certain  facts: 

(a)  Once  rock  has  fractured  (as  by  the  first  shock  wave  arrival,  o” 
before  the  explosion  by  geological  processes)  its  resistance  to 
shear  will  be  similar  to  that  of  dry  sand,  and  hence  craters  in 
rock  (espei  ially  soft  rock  or  closely  jointed  rock)  are  about  the 
same  size  as  those  in  dry  soils  for  comparable  explosions. 

(b)  Because  the  strength  of  soft  saturated  soils  is  independent  of 
normal  stress  changes  (and  hence  there  is  no  component  of 
strength  developed  by  the  blast  pressures),  craters  in  such  soils 
are  larger  than  those  in  dry  soils  for  comparable  expl<  sior.  . 

\ 

In  order  to  achieve  a  real  understanding  of  the  relation  bei  ween  ;oll 
strength  and  crater  size,  the  more  complex  type  of  calculation,  which  ac¬ 
counts  simultaneously  for  all  three  processes,  must  be  extended  to  consider 
the  shear  resistance  of  the  earth  during  the  latter  stages  of  crater  forma¬ 
tion.  When  this  is  done,  it  will  be  necessary  to  provide  data  regarding 
the  shear  resistance  of  soils  during  sudden  loadings. 

Immediate  rebound:  When  the  gas  pressure  against  the  crater  walls 
drops  to  a  negligible  level,  instability  of  tne  crater  slope  becomes  a 
problem.  For  deep  craters  in  weak  materials,  slides  into  the  crater  may 
develop  at  this  stage  (Whitman,  1959)* 

To  date,  there  have  been  no  detailed  analyses  of  this  immediate  re¬ 
bound  situation.  It  seems  likely  that  slides  will  develop  in  a  crater 
slope  if  they  would  develop  in  a  slope  of  the  same  geometry  excavated 
"instantaneously"  by  conventional  methods.  Thus  a  lower  limit  to  the  maxi¬ 
mum  stable  crater  depth  might  be  obtained  by  a  conventional  static  slope 
stability  analysis  using  static  undrained  strength. 

There  are  several  reasons  why  the  actual  transient  situation  may  be 
more  severe  than  the  corresponding  static  situation: 
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(a)  The  earth  must  resist  not  only  the  pull  of  gravity  but  also  the 
deceleration  of  the  slope  at  the  end  of  rebound.  This  latter 
effect  is  similar  to  that  produced  by  a  single  very  strong 
earthqueke  pulse. 

(b)  The  strength  of  the  earth  may  have  been  reduced  by  the  passage  of 
ground  shock  through  it.  This  effect  vill  be  especially  impor¬ 
tant  in  sensitive  soils  and  in  rocks . 

(c)  The  timing  of  the  rebound  and  the  fallback  may  be  crucial.  That  r 
is,  the  slope  of  the  true  crater  may  fail  immediately  even  if  the 
slope  of  the  apparent  crater  would  be  stable. 

Unfortunately,  there  are  no  means  available  for  accounting  for  these  ef¬ 
fects  in  a  quantitative  way. 

Significant  sliding  during  immediate  rebound  has  not  been  observed 
during  explosions  in  dry  soil  and  rock,  although  there  have  been  detailed 
studies  of  the  opening  of  joints  and  fissures  around  craters  in  rock 
(Sherman  and  Strohm,  1964).  However,  slides  during  immediate  rebound  did 
occur  during  the  first  large  explosion  test  (Operation  SNOWBALL)  in  a  soil 
with  a  high  water  table  (Rook-:  and  Chew,  1965).  This  aspect  of  cratering 
will  assume  major  proportions  if  larger  explosions  are  made  in  such  soils. 

Long-term  stability:  Generally  speaking,  the  strength  of  the  earth 
within  a  slope  decreases  with  time  following  formation  of  the  slope.  This 
decrease  results  from  various  physical  and  chemical  interactions  between 
groundwater  and  the  earth.  Thus  slides  may  develop  at  some  time  after 
cratering.  The  problem  will  be  especially  severe  for  craters  in  saturated 
soils  of  high  permeability  such  as  sand.  Water  flowing  from  a  sand  into 
the  crater  will  give  rise  to  a  quick  condition,  causing  heave  of  the  bottom 
of  the  crater  a rj.  slumping  of  the  crater  walls  (Whitman,  1959)*  Severe 
problems  can  also  be  expected  in  soils  which  tend  to  lose  strength  when 
unloaded,  such  as  stiff-fissured  clay-shales  (Whitman,  1959) • 

One  important  problem  involved  ' a  nuclear  excavation  is  the  stability 
of  a  crater  slope  when  another  crater  is  Tmed  nearby.  The  best  guidance 
for  this  problem  comes  from  studies  of  slope  stability  during  earthquakes : 
Seed  and  Martin  (1966)  and  Bustamante  (1965).  Trouble  should  be  expected 
only  when  the  slope  is  in  a  precarious  state  of  stability  or  when  the  soil 
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is  likely  to  lose  strength  if  subjected  to  repeated  loadings. 

2.2.4  Requirements  for  Data  Regarding  Soil.  A  full  analysis  of 
cratering  action  would  require  the  type  of  stress-strain  information  sum¬ 
marized  in  table  2.3*  The  first  column  states  the  requirement  in  general 
terms.  The  second  column  indicates  the  status  of  the  theory  in  which  the 
data  are  to  be  used.  The  final  column  indicates  the  realistic  present  re¬ 
quirement  for  data,  considering  the  present  status  of  the  theory  and  its 
probable  development  in  the  immediate  future. 

In  general,  there  are  today  no  calculation  procedures  on  which  abso¬ 
lute  reliance  can  be  placed  and  there  are  no  proven  empirical  relations. 
This  situation  seems  unlikely  to  change  in  the  immediate  future .  Hence  the 
need  is  to  establish  the  key  features  of  the  stress-strain  behavior  of  soil 
and  to  give  probable  ranges  for  the  values  of  the  key  parameters.  Except 
for  data  applicable  to  the  hydrodynamic  region,  there  is  no  realistic  re¬ 
quirement  for  data  of  a  specific  kind  for  any  given  site  other  than  that 
which  would  normally  be  obtained  during  a  thorough,  modern  soil  mechanics 
investigation. 

2.3  MOTIONS  OF  SURFACE  STRUCTURES 

Aboveground  structures  will  be  loaded  by  the  airblast  from  an  explo¬ 
sion;  this  loading  will  be  transmitted  to  the  structure  foundation,  causing 
the  structure  to  displace  into  the  supporting  soil.  In  addition,  the  foun¬ 
dations  of  these  structures  will  be  moved  by  airblast-induced  and  directly 
induced  stress  waves,  in  much  the  same  way  as  foundations  will  be  moved  by 
an  earthquake.  From  the  soil  mechanics  point  of  view,  there  are  two  prob¬ 
lems  :  (a)  how  soil  conditions  affect  the  magnitude  of  the  foundation 

motions,  and  (b)  how  to  analyze  the  interaction  between  the  soil  and  the 
structure . 

If  the  explosion  is  aboveground  or  buried  to  less  than  the  optimum 
depth  of  burial,  the  airblast  effect  on  a  nearby  aboveground  structure  will 
be  much  more  severe  than  the  ground  motion  effect.  Airblast  pressures  on 
the  order  of  5  to  10  psi  will  seriously  damage  or  destroy  conventional 
buildings,  and  30  psi  is  usually  considered  to  be  the  practical  limit  for 
design  of  aboveground  protective  structures.  Hence  the  response  of  surface 


2k 


CO 

CO  0) 

4)  h  2 

323 


9  B 

^  ‘H  C  4) 
ft  2  2  | 

°-g  *  g 

®  I  rl  tj 

40  0,0  S 
'O  M  as  ft 
a>  a>  ,o 
H  G  ft  >» 
^  B  9 
0  to  ftA* 


>3  G  cu 
G  -P  ft 
oof? 
<0  <3  <U 
.G 
H 


ft  O  ft 
<U  G  ft 
o  a 
x  -P 
a)wft 

Q  o 


2^33 

9  O  B 
>  ft  O 
<D  «  ft 
tJ  «.H  O 
,  9  B+> 
H  rj  a> 

H  d  |>  >> 

S.niS 

G  b)  -p  ,n 
O  H  o  d 
0)  O  flj  o 
£ 

EH 


•HOW 

Tj  -P  -P 

3  o 

H  -P  ft 
O  G  ft 
G  <D  ft 
•H  .H  (D 
w  o 
•H  G 

G  ft  O  • 
0  ft  ft  O 
ft  G  -P  G 
-P  w  cd  0 

<u  G  ft  o 
!h  -P  O  ft 

G  C?  ft  w 

ft  <D  Ctf 
«!  B  OH 
G  -P  >  ft 


1 

ft 

w  G 

w 

ctf 

<D  G 

0 

to 

o 

a  -p 

G  ft 

<d 

•h  ft 

a  o 

■P 

CO 

iO 

ft  Is 

<D  G 
ft 

CO 

structures  to  ground  motions  is  of  concern  for  deeply  buried  explosions  or 
at  very  great  distance  from  near-surface  explosions.  Hankins  (1964 )  and 
Mickey  (196*0  give  data  concerning  these  ground  motions.  Very  little  is 
known  concerning  the  effect  of  soil  type  upon  these  motions ,  although  there 
is  reason  to  believe  that  these  motions  and  their  effects  may  be  greater  if 
the  soils  are  highly  saturated  than  if  they  are  dry. 

Structural  response  to  either  airbl&st  or  ground  motions  is  usually 
analyzed  by  adopting  an  equivalent  lumped  parameter  system.  The  effect  of 
the  foundation  upon  the  response  can  be  considered  by  including  a  spring, 
dashpot,  and  mass  to  represent  the  foundation.  The  general  approach  for 
selecting  the  equivalent  spring,  dashpot,  and  mass  is  just  the  same  as 
would  be  used  for  machine  foundations  or  in  earthquake  studies  (Whitman  and 
Riehart,  1967);  of  course,  the  spring  constant  applicable  for  the  large  dy¬ 
namic  foundation  stresses  caused  by  an  explosion  generally  will  be  differ¬ 
ent  from  that  applicable  for  small  dynamic  foundation  stresses.  Some  meas¬ 
ure  of  the  stiffness  of  the  soil  is  necessary  for  this  purpose,  either  by 
means  of  dynamic  laboratory  tests  on  undisturbed  samples  or  in  situ  plate 
bearing  tests  using  repeated  loadings.  In  analyzing  the  response  of  above¬ 
ground  protective  structure  foundations  to  airblast  loading,  choice  of 
lumped  parameter  foundation  elements  should  be  guided  by  the  data  summa¬ 
rized  in  Whitman  and  Luscher  (1965). 

It  is  possible  that  ground  motions  from  an  explosion  may  densify  the 
soil  below  a  building  by  vibratory  action,  and  thus  lead  to  differential 
settlements  which  will  cause  cracking  of  buildings,  etc.  Very  little  is 
known  about  this  problem.  Presumably  the  types  of  damage  criteria  dis¬ 
cussed  by  Cauthen  (1964)  allow  for  this  effect,  at  least  in  a  general  way. 

2.4  AIRBLAST-IHDUCED  STRESS  WAVES 

This  section  is  concerned  with  the  stress  waves  within  the  ground 
caused  by  airblast  moving  outward  from  the  explosion  and  thereby  imposing 
stresses  upon  the  surface  of  the  ground.  The  pattern  of  these  stress  waves 
is  very  complex,  and  hence  simplifications  are  necessary  in  order  to  permit 
engineering  predictions  concerning  the  motions.  While  there  have  been  many 
measurements  of  the  motions  due  to  actual  stress  waves  caused  by  nuclear 
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and  large  chemical  explosions,  these  data  actually  are  scant  in  view  of  the 
great  complexity  of  the  problem.  Moreover,  such  testi  have  been  conducted 
only  for  very  restrictive  soil  conditions.  Many  theories,  some  involving 
very  complex  calculations,  have  been  developed  to  aid  in  the  understanding 
o±  the  propagation  and  attenuation  of  these  stress  waves.  There  is  in¬ 
creasing  use  of  these  theories  to  generate  ground  motions  for  use  in  design 
of  protective  structures ,  but  theories  should  be  so  used  only  when  they 
have  been  verified  by  checking  against  field  experience  and  considerable 
effort  is  required  when  evaluating  soil  parameters  to  be  useu  for  a  new 
site.  Relatively  simple  prediction  techniques  have  evolved  from  study  of 
the  field  data  and  theoretical  results,  and  are  often  used  for  actual  engi¬ 
neering  design  of  simple  protective  structures  and  for  preliminary  design 
of  more  complex  facilities. 

This  section  will  not  attempt  to  describe  all  of  the  field  data, 
theories,  and  prediction  techniques  in  detail.*  Rather,  the  emphasis  will 
be  upon  fundamental  considerations :  the  influence  of  various  factors  upon 
stress  waves,  and  the  role  of  soil  mechanics  in  stress  wave  predictions. 

A  study  of  stress  waves  cannot  be  completely  divorced  from  the  ques¬ 
tion  of  how  stress  waves  affect  protective  construction  design. 

For  convenience,  the  design  of  a  buried  structure  can  be  thought  of  as 
involving  two  steps :  (a)  design  of  a  protective  structural  shell  which 

will  withstand  the  stresses  imposed  by  the  stress  wave,  and  (b)  design  of 
mountings  and  shock  isolation  systems  which  will  make  it  possible  for  per¬ 
sonnel  and  equipment  to  survive  the  ground  motions ,  i'.e.  the  accelerations, 
velocities,  and  displacements  of  the  ground.  Thus,  prediction  of  stress 
waves  is  usually  broken  into  two  parts:  prediction  of  stresses  and  predic¬ 
tion  of  ground  motions.  However,  these  two  aspects  of  the  design  problem 
are  really  inseparable. 

The  stresses  and  motions  experienced  by  a  structure  are  generally  de¬ 
termined  in  two  steps:  (a)  an  estimate  is  made  for  the  stresses  and 

*  The  best  single  reference  regarding  field  test  data  is  Part  IV  of 
NUCLEAR  GEOPLOSICS.  The  best  single  reference  for  prediction,  techniques 
is  the  Air  Force  Design  Manual.  Unfortunately,  there  is  no  one  single 
good  reference  describing  the  many  theories  for  stress  waves.  This  sec¬ 
tion  gives  references  to  a  number  of  these  theories. 


27 


motions  which  would  exist  at  a  point  if  no  structure  were  present — the  so- 
called  free-field  stresses  and  ground  motions ;  and  (b)  the  modification 
caused  by  the  presence  of  the  structure  is  estimated.  This  section  is  con¬ 
cerned  with  free-field  effects;  section  2.5  will  consider  soil-structure 
interaction. 

2.4.1  Description  of  Airblast.  Fig.  2.1  shows  the  general  features 
of  the  airblast  wave  which  sweeps  outward  from  a  surface  nuclear  explosion. 

As  viewed  at  a  fixed  point,  the  airblast  arrives  as  a  sharply  defined 
shock  front  traveling  at  a  shock  wave  velocity  which  is  a  function  of  the 
peak  overpressure  in  the  shock  front.  After  passage  of  the  shock  front, 
the  overpressure  decreases  and  eventually  becomes  negative.  As  the  point 
of  observation  is  moved  away  from  the  point  of  explosion,  the  peak  over¬ 
pressure  and  shock  wave  velocity  decrease  while  the  total  duration  of  the 
airblast  wave  increases . 

As  viewed  at  an  instant  of  time,  the  ground  surface  from  the  explosion 
point  out  to  the  shock  front  will  be  loaded  by  air  pressure.  With  increas¬ 
ing  time  from  explosion,  a  larger  area  of  ground  surface  is  loaded,  but  the 
magnitude  of  the  stresses  decreases. 

The  formation  of  airblast  waves  is  controlled  by  the  release  of  heat 
and  radiation  from  the  '-■xplosion.  Brode  (1964)  gives  a  detailed  discussion 
of  these  interrelated  phenomena.  Table  2.fi  and  figs.  2.12  through  2.14 
give  quantitative  information  of  interest  to  soil  engineers,  using  ?.  1-Mt 
surface  explosion  as  an  example . 

Table  2.4  summarizes  data  regarding  shock  fr&.it  overpressure,  shock 
wave  velocity,  arrival  time,  duration,  and  impulse  as  a  function  of  dis¬ 
tance  from  the  explosion,  (impulse  is  the  integral  of  pressure  versus 
time.)  Shock  front  velocity  is  directly  related  to  the  peak  overpressure. 
(Note  that  this  velocity  is  larger  than  the  velocity  of  acoustical  waves 
through  air--1100  fps  at  sea  level.)  All  other  factors  scale  as  the  cube 
root  of  the  size  of  the  explosion.  For  comparison,  a  1-Mt  surface  explo¬ 
sion  will  give  a  crater  with  an  apparent  radius  of  700  ft.  Fig.  2.12  shows 
distances  to  various  peak  overpressures  in  relation  to  crater  size. 

Fig.  2.13  indicates  how  the  overpressure  decreases  with  time  at  sev¬ 
eral.  different  distances  away  from  the  explosions  (the  duration  of  the 
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Fig.  2.13  Overpressure  versus  time;  1-Mt  surface  burst 
(from  Brode,  1964) 


positive  phase  is  on  the  order  of  1  to  3  sec).  The  decay  is  not  a  simple 
exponential.  For  the  higher  overpressures,  the  rate  of  decay  initially  is 
very  rapid  and  then  slows,  as  illustrated  by  the  following  tabulation: 


Peak  Shock 
Overpressure 
Psi 


Fraction  of  Positive 

Phase  Duration  to  Achiev  _ 

p/ps  =0.75  p/pg  =0.50  p/pg  =  0.25 
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Fig.  2.14  Overpressure  versus  radivs;  1-Mt  surface  burst 

(from  Brode,  1964) 

where  p  is  the  peak  overpressure  in  the  shock  front  and  p  is  the  over- 
s 

pressure  at  the  same  time  behind  the  shock  front.  For  p  =  1000  psi,  the 

s 

overpressure  drops  to  250  psi  within  only  4$,  of  the  time  required  for  the 
overpressure  to  drop  to  zero. 

Fig.  2.14  shows  overpressure  versus  distance  for  various  times.  After 
the  positive  phase  there  is  a  suction  pressure:  as  much  as  3  psi,  or 
enough  to  lift  a  concrete  lid  3  ft  thick. 

Relatively  simple  equations  can  be  derived  which  describe  the  airblast 
approximately  but  adequately  (for  example,  see  Brode,  1964,  and  Neidhardt 
and  Harkin,  1962).  These  equations  are  often  used  as  a  basis  for  ground 
motion  calculations. 

2.4.2  General  Features  of  Ground  Motions .  As  a  first  step  toward 
predicting  airblast-induced  ground  motions,  it  is  necessary  to  understand 
the  various  factors  which  contribute  to  the  pattern  of  ground  motion  that 
might  be  observed  in  any  particular  situation.  Ir.  this  section,  this 
understanding  will  be  developed  by  studying  a  series  of  highly  idealized 
situations . 

Concentrated  transient  point  load :  Fig.  2.15  shows  the  waves  emanat¬ 
ing  from  a  concentrated  load  applied  instantaneously  at  the  surface  of  an 
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Fig.  2.15  Waves  resulting  from 
instantaneously  applied  point 
load 


elastic  half-space.  The  nature 
of  the  motions  and  stresses 
caused  by  this  loading  is  dis¬ 
cussed  by  Baron  et  al.  (i960). 

A  general  understanding  of  the 
response  results  from  examining 
the  distribution  of  motions 
along  several  rays  emanating 
from  the  point  of  load  applica¬ 
tions  . 

A  point  located  beneath  the 
load  experiences  two  wa.v<=  front 
arrivals,  corresponding  to  the 
concession  (P-wave)  and  shear 
(S-wave)  waves.*  A  typical  time 
history  of  vertical  displacement 
w  is  shown  in  fig.  2.16.  The 
changes  in  particle  velocity  and 


-stress  at  a  point  as  the  wave 
fronts  pass  vary  as  l/R2  , 
while  the  peak  displacement  at 
a  point  varies  as  l/R  .  Pas¬ 
sage  of  the  waves  causes  down¬ 
ward  and  outward  motion. 

For  points  lying  nearer 
the  surface,  the  behavior  is 
much  more  complicated.  The 
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Fig.  2.16  Time  history  of  vertical 
displacement  along  ray  beneath  con¬ 
centrated  load 


boundary  condition  at  the  sur¬ 


face  gives  rise  to  a  von  Schmidt  wave  (SP-wave),  which  is  the  precursor  of 
the  Rayleigh  wave  (R-wave)  running  outward  along  the  surface.  Fig.  2.17 
gives  a  typical  time  history  of  motion  for  a  near-surface  point.  A  point 
first  moves  upward  and  outward  as  the  P-  and  SP-wave  fronts  pass.  As  the 


*  For  detailed  definitions  of  these  waves  and  of  the  associated  wave 
velocities,  see  Chapter  5 • 
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R-wave  approaches,  the  upward 
movement  increases  but  is  ac¬ 
companied  by  inward  motion. 

After  passage  of  the  R-wave, 
there  is  a  permanent  downward 
and  inward  displacement.  The 
effect  of  the  Rayleigh  wave, 
which  is  not  a  sharp-fronted 
wave,  decreases  rapidly  with 
depth.  For  points  near  the 
surface,  the  maximum  stresses 
and  displacements  occur  dur¬ 
ing  passage  of  the  Rayleigh  wave, 
displacements  vary  as  l/V~R  . 

Sequence  of  events  caused  by  blast  wave:  A  blast  wave  sweeping  out¬ 
ward  over  the  surface  of  a  half-space  (figs.  2.12-2.14)  in  effect  applies 

instantaneous  loads  in  succession  at 
points  spaced  outward  from  ground  zero. 
The  effects  of  these  loadings  can  be  con¬ 
veniently  divided  into  two  parts  (see 
fig.  2.18): 

(a)  The  effect  of  the  loading  imme¬ 
diately  above  the  point.  This 


Fig .  2 .17  Time  history  of  vertical 
displacement  at  snallow  depth  near 
concentrated  load 


These  maximum  near-surface  stresses  and 


ZERO 


Fig.  2.18  Sequence  of  loadings 
applied  by  airblast 


(b) 


loading  produces  the  type  of 
response  shown  in  fig.  2.16. 
The  effect  of  the  loadings  not 


immediately  above  the  point.  Each  of  these  loadings  produces  the 
pattern  of  responds  shown  in  fig.  2.1 7.  Because  the  loadings 
near  ground  zero  are  very  large ;  these  loadings  may  cause  at  a 
distant  point  a  response  which  is  as  significant  as  the  response 
caused  by  the  loading  directly  over  the  point . 

The  loading  directly  over  the  point  primarily  causes  downward  motion.  The 
more  distant  loadings  cause  both  upward  and  downward  motion  as  well  as 
inward  and  outward  motion. 
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itepen.Ung  upon  xhe  restive  magni- 
tude  of  the  uil&tation&l  wave  velociti¬ 
es  (the  velocity  of  &  P-vave )  in  the 
ground  and  the  shock  velocity  U  of  the 
airblast,  two  general  types  of  situa¬ 
tions  can  occur  (see  fig.  2.19): 

(a)  If  ;J  >  Cp  ,  the  first  ;aot-ion 
at  any  point  within  the  half- 


rig.  2.19  Superseismic  and  space  is  caused  by  the  loading 

subseismic  regions  .  _ 

1  mediately  above  tr.e  point. 

That  is,  a  point  wit  . in  the  body  does  not  move  until  the  shock 
front  cf  the  airblast  sweeps  over  the  point.  This  is  called  the 
superseismic  case.  This  case  occurs  close  to  ground  zero  where 
the  overpressures  and  the  shock  velocity  are  great.  The  smaller 
the  value  of  ,  the  farther  the  superseisaic  region  will  ex¬ 
tend  from  ground  zero. 

Ob)  If  U  <  ,  notion  at  a  point  begins  before  the  shock  front  of 

the  airblast  passes  over  the  point.  This  is  called  the 
subseismic  case  or  the  outrunning  case-  The  subseismic  region 
begins  at  the  end  of  the  superset smic  region.  The  larger  the 
value  of  Cp  ,  the  closer  tc  ground  zero  the  transition  point 
will  lie.  Sometimes  reference  is  also  made  to  a  transseismic 
region,  where  Cg  <  U  <  Cj.  (Cg  is  the  shear  wave  velocity  in 
the  ground). 

Within  both  regions,  the  response  at  a  point  is  influenced  both  by  the 
loading  just  above  the  point  and  by  the  loadings  distant  from  the  point. 

As  shown  in  fig.  2.20,  there  is  always  a  significant  response  when  the 
front  of  the  airblast  passes  over  a  point,  regardless  of  whether  the  point 
is  located  in  the  superseismic,  transseismic,  or  subseismic  region,  but 
this  aspect  of  the  loading  tends  to  predominate  within  the  superseismic 
region.  The  effect  of  loadings  distant  from  a  point  becomes  especially 
important  within  the  subseismic  region. 

Since  the  region  near  ground  zero  is  especially  of  interest  with  re¬ 
gard  to  protective  construction,  the  superseismic  region  is  of  special 
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b.  TYPICAL  ACCELEROGRAMS-OUTRtrWMG  GROUND 
MOTION 

a.  TYPICAL  ACCELEROGRAM! -SUPERSCESMIC  REGION 

Pig.  2.20  Typical  time  histories  of  vertical  acceleration  at  depths  of 
1  and  10  ft  below  ground  surface  (from  Sauer  et  al. ,  196b) 

concern.  For  _jrther  discussion  of  the  super seismic  case,  it  is  convenient 
to  discuss  the  response  under  three  headings:  (a)  response  at  shallow 
depth  as  P-  and  S-waves  pass;  (b)  response  at  greater  depth  as  P-  and 
S-vaves  pass;  and  (c)  response  after  passage  of  wave  fronts. 

Superseismic  case;  initial  re¬ 
sponse  at  shallow  depth:  Consider 
first  the  situation  shown  in  fig. 

2.21,  where  a  uniformly  distributed 
strip  load  is  moving  with  constant 
velocity  U  over  the  surface  of  an 
elastic  half-space.  This  loading 
causes  four  wave  fronts,  with  re¬ 
gions  of  constant  stress  between 
the  wave  fronts . 


Fig.  2.21  Wave  fronts  beneath  super- 
seisrric  strip  load 
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Fig.  2.22  Vertical  and  horizontal 
stresses  versus  time  at  two  depths 
below  superseismic  strip  load 


Fig>  2.22  shows  the  varia¬ 
tion  with  tine  of  horizontal 
and  vertical  stresses  at  two 
depths.  Down  to  the  depth 
where  the  unloading  P-wave  and 
the  loading  S-wave  intersect, 
the  maximum  vertical  stress 
equals  the  applied  stress  ps  . 
Below  this  depth,  the  maximum 
vertical  stress  is  less  than 


Fig.  2.23  shows  the  patterns  of 
motion  at  these  same  two  depths. 
Initially  the  notion  is  normal  to  the 
P-wave  front,  i.e.  downward  and  out¬ 
ward.  Arrival  of  the  S-wave  causes 
additional  downward  movement  but  a 
reverse  horizontal  movement.  After 
passage  of  the  final  wave  front, 
there  is  a  residual  vertical  dis- 


surfacc 


depth,  a 
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Fig.  2.23  Displacements  at 
several  depths  below  super- 
seismic  strip  load 


placement  and  a  smaller  residual  e 

horizontal  displacement.  These  residual  displacements  are  caused  by  the 
continuing  compression  of  points  lying  at  greater  depths  than  the  depth 
considered.  The  motions  at  the  surface  are  shown  for  comparison.  The  max¬ 
imum  vertical  displacements  are  the  same  at  each  depth,  but  the  maximum 
horizontal  displacements  are  smaller  near  the  surface. 

The  inclination  of  the  wave  fronts,  the  magnitude  of  the  stress 
changes  at.  the  wave  front,  and  the  pattern  of  motions  are  functions  of  the 
velocity  ratio  u/c^  .  For  U,/c^  >  2  ,  the  wave  fronts  are  inclined  only 
slightly  from  the  horizontal  and  the  motions  are  predominantly  vertical. 

It  is  interesting  to  compare  the  stresses  and  motions  for: 

(a)  The  superseismic  case  of  a  transient  wave  sweeping  over  the  sur¬ 
face. 

(b)  The  one-dimensional  problem  of  a  pulse  of  stress  applied  over  a 
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wide  area  of  the  surface,  with  a  duration  just  equal  to  the  dura¬ 
tion  of  the  stress  applied  at  any  point  in  the  supcrseismic  case. 
This  comparison  is  presented  in  fig.  2.24  for  u/CL,  =  2.25  .*  The  vertical 
stresses  and  motions  sure  quite  similar  for  the  two  cases,  and  the  agreement 
becomes  better  as  u/C^  increases.  The  same  can  be  said  for  the  hori¬ 
zontal  stress.  The  wave  shapes  are  somewhat  different  for  the  two  cases, 
as  there  is  a  spreading  out  of  the  wave  in  the  superseismic  case.  The  two 
cases  differ  most  with  regard  to  horizontal  motions.  However,  the  hori¬ 
zontal  motions  in  the  superseismic  case  can  be  approximately  related  to  the 
vertical  notion  in  the  one-dimensional  case  by  considering  the  inclination 
of  the  superseismic  wave  front.  For  example,  the  maximum  horizontal 
velocity  and  displacement  can  be  estimated  approximately  by  multiplying  the 
vertical  component  by  tan  5-j  .  These  comparisons  hence  suggest  that  the 
simpler  i  .-dimensional  problem  may  be  useful  for  estimating  the  behavior 
in  the  more  ..oraplicated  superseismic  problem. 

Fig.  2.25  shows  stress  versus  time  patterns  at  various  depths  beneath 
a  superseismic  loading  consisting  cf  a  sudden  stress  jump  followed  by  a 
linearly  decaying  stress.  The  P-  and  8-waves  each  cause  a  similar  sudden 
jump  followed  by  a  decaying  stress.  At  a  depth  z^  ,  the  vertical  stress 
at  the  instant  of  S-wave  arrival  just  equals  the  vertical  stress  at  the 
instant  of  P-wave  arrival.  For  z  <  z.  ,  the  maximum  vertical  stress 

i 

occurs  at  the  S-front,  but  for  z  >  z.  tne  vertical  stress  at  the  F-front 
is  the  maximum  that  occurs.  Below  ,  the  peak  vertical  stress  is  con¬ 
stant  with  depth.  For  z  <  z^  ,  there  is  a  linear  attenuation  of  peak 
vertical  stress  with  depth.  This  attenuation  is  caused  by  the  two- 
dimensional  nature  of  the  problem,  and  is  called  spatial  attenuation. 

The  depth  z.  depends  upon  the  velocity  ratio  u/cn  ,  Foisson's 

*  The  results  in  the  left  column  of  this  figure  come  from  the  theory  for 
phenomena  during  passage  of  a  plane  wave.  The  key  principles  are  that 
particle  velocity  jump  across  a  wave  front  (in  this  case  the  vertical 
velocity  w)  is  proportional  to  stress  change  across  the  front,  while 
peak  displacement  (in  this  case  the  peak  vertical  displacement 
is  proportional  to  the  impulse  imparted  by  the  surface  loading.  The 
actual  relations  appear  as  Equations  2.4  and  2.6  in  section  2.4.4.  The 
symbol  D  is  the  constrained  modulus  :  D  =  pCf:  ,  where  p  is  the  mass 
density. 
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Fig.  2.2*4  Comparison  of  one-dimensional  and  superseismic  cases 
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Fig.  2.25  Vertical  stress 
versus  time  at  various 
depths  beneath  linearly 
decaying  superseismic 
strip  load 
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Fig.  2.26  Attenuation  of  peak 
vertical  stress  from  airblast 
(from  McCormick  and  Baron,  1 966) 


ratio  4  ,  and  the  rate  at  which  the 
loading  decays  behind  the  wave 
front.  The  amount  of  stress  attenu¬ 
ation  which  occurs  above  z  =  z. 

i 

depends  upon  u/c^  and  p  .  Fig. 
2.26  shows  some  results  which  have 
been  calculated  for  an  airblast 
loading  as  described  in  section 
2.4.1.  For  comparison  is  shown  the 
attenuation  which  would  result  if 
this  seme  loading  were  applied  to  a 
soil  without  inertia  (i.e.  with  an 
infinite  dilatational  stress  wave 
velocity):  see  Air  Force,  1962. 

Airblast  from  an  explosion  does 
not  move  with  constant  velocity  U 
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nor  with  constant  *!.ock  front  stress  p  .  However,  over  a  small  region  of 

s 

the  surface,  U  and  p  will  vary  only  slightly  and  may  be  treated  as  cor.- 

s 

stants.  Thus  the  foregoing  solutions  give  a  meaningful  indication  of  the 
motions  and  stresses  at  shallow  depth  beneath  a  superseismic  airblast 
loading. 

Superseismic  case;  initial  response  at  greater  depth:  Because  the 
shock  velocity  U  of  the  airblast  decreases  as  the  airblast  front  moves 

outward,  the  P-  and  S-fronts 
at  any  instant  of  time  are 
curved  rather  than  straight. 
Given  the  variation  of  U 
with  radius  r  ,  expressions 
can  be  derived  giving  the  lo¬ 
cations  of  these  wave  fronts 
(Neidhardt  and  Harkin,  1962). 
Fig.  2.27*  shows  the  position 
of  these  fronts  at  two  differ- 
ent'times  within  the  superseismic  region,  as  calculated  assuming  an  intense 
airblast  which  originates  at  ground  zero  without  producing  a  crater. 

The  stress  and  particle  velocity  jumps  vhicn  occur  at  points  on  these 

fronts  can  be  related  directly  to  the  peak  overpressure  p  applied  at 

s 

corresponding  points  on  the  surface  of  the  ground.  Thus  the  jump  across 
the  P- front  at  point  A  of  fig.  2.27b  results  from  the  dilatational  wave 
which  originated  when  the  front  of  the  airblast  passed  over  point  A". 
Similarly,  the  jump  across  the  S-front  at  point  A1  results  from  the  shear 
wave  which  originated  at  A".  Because  of  the  curvature  of  the  wave  fronts, 
the  stress  jumps  decrease  along  rays  A"A  and  A"A'.  Expressions  giving  the 
attenuation  of  the  stress  jumps  with  travel  distance  are  given  in  Neidhardt 

*  Pigs.  2.27  through  2.29  are  normalized  with  respect  to  the  end  of  the 
superseismic  region.  Thus: 

R^  =  radius  at  which  U  = 

=  peak  overpressure  at  r  = 

r  -  Cyt/R^  •-  time  at  which  a  dilatational  wave  from  the  origin 
reaches  r  -- 
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a  WITHIN  SUPERSEISMIC  b.  AT  END 

REGION  SUPERSEISMIC  REGION 

Fig.  2.27  Location  of  airblast  shock  front 
and  P-  and  S-fronts  at  two  different  times 
giving  superseis  'ic  conditions  for  u  -  l/3 
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Fig.  2.28  Theoretical  results 
showing  peak  vertical  stress 
at  several  deep  points  (from 
Neidhardt  and  Harkin,  1962) 


and  Harkin  (1962).  Fig.  2.28  shows  l0 

a  few  computed  results .  p  ' V 

It  is  of  interest  to  compare 

mi 

the  peak  vertical  stress  *vt  various  0> _ 1 _ * _  t  c 

o.s  1  JO  *1 

points  with  the  neak  overpressure  at  o  0  s  , 0 

the  surface  directly  above  the  »|  «»»  >  | 

*  O 

points.  The  depths  for  which  these  1  .  values  or 

{  C°i f)MAX 

stresses  are  shown  in  fig.  2.28  are  •  {  \  p, 

M  I  0.40 

much  greater  than  those  usually  of  1 

0.5  -  1  # 

practical  interest.  Considering  _  J  0.02 

that  some  attenuation  of  peak  stress  fo  0^2200  fps* 

/I  =  i- 

occurs  at  relatively  shallow  depths  ,  3 

(owing  to  the  spatial  attenuation  2 

••i 

phenomenon  described  under  the  pre¬ 
vious  subheading),  there  appears  to  Fig.  2.28  Theoretical  results 

,  ,  ,,  , ,  .  showing  peak  vertical  stress 

be  remarkably  little  decrease  of  at  veral  deep 

peak  vertical  stress  with  depth.  Neidhardt  and  Harkin,  1962) 

For  example,  the  normalized  peak 

vertical  stress  at  point  F  in  fig.  2.28  is  2.9,  whereas  the  normalized  peak 
overpressure  on  the  ground  surface  directly  above  point  F  is  3.8.  Ang  and 
Ranier  (1965)  show  similar  results. 

Superseismic  case;  behavior  behind  wave  fronts:  Though  the  locations 
of  the  wave  fronts  and  the  stress  jumps  at  these  fronts  can  be  computed 
with  only  modest  difficulty  and  can  be  understood  in  general  terms  as  de¬ 
scribed  above,  the  behavior  behind  the  wave  front  is  much  more  complicated. 
The  stresses  and  motions  at  any  point  are  influenced  by  the  airblast  pres¬ 
sures  at  many  surface  points.  Several  solutions  which  begin  to  show  the 
behavior  behind  the  wave  front  have  been  accomplished  by  means  of  com¬ 
puters.  However,  at  the  time  of  writing  of  this  report,  the  writer  still 
had  not  seen  results  from  which  the  effects  of  the  airblast  can  be  satis¬ 
factorily  isolated  from  other  sources  of  loading  such  as  directly  induced 
effects.  The  following  paragraphs  indicate  some  of  the  interesting  fea¬ 
tures  which  can  be  seen  in  available  solutions. 

Fig.  2.29  snows  the  distribution  of  stress  and  displacement  along  a 
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Fig.  2.29  Listribution  of  stresses  and  displacements 
along  line  A-A"  as  result  of  airblast  loading  (from 
Neidhardt  and  Harkin ,  19 6.2) 


particular  ray  at  a  particular  time.  Note  that  the  variation  of  stress 
behind  the  wave  fronts  is-  rather  complicated.  The  calculations  show  that 
tensile  stresses  can  develop  at  certain  locations  at  certain  times.  The 
vertical  displacement  w  increases  from  the  P- front  to  ground  surface,  and 
the  effect  of  the  S- front  can  be  discerned  in  the  curve.  The  vertical  dis¬ 
placement  at  any  point  is  still  increasing  with  time,  inasmuch  as  the  over¬ 
pressure  has  not  yet  decreased  to  zero.  Because  it  is  difficult  to  carry 
the  calculation  out  to  such  a  time,  and  because  the  peak  vertical  displace¬ 
ment  is  affected  by  the  response  at  very  great  depth  where  soil  properties 
usually  are  poorly  defined,  it  is  difficult  to  estimate  peak  verti  al  dis¬ 
placement.  The  horizontal  displacement  u  is  at  this  time  less  at  the 
surface  than  at  some  depth  (compare  fig.  2.29  with  fig.  2.23).  With  time, 
the  depth  of  maximum  u  increases,  and  the  horizontal  displacement  at  the 
surface  becomes  inward. 

For  points  within  the  superseismic  region  very  close  to  the  surface, 
it  can  be  reasoned  that  the  stresses  will  result:  (a)  from  passage  of  the 
airblast  front,  and  (b)  from  a  surface  wave  generated  by  the  very  large 
stresses  applied  near  ground  zero  (see  Baron  et  al.,  i960).  The  first  set 
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of  stresses  can  be  calculated 
from  the  solution  for  an  sdr- 
blast  pressure  traveling  over 
the  surface  at  constant  veloc¬ 
ity.  The  second  set  of 
stresses  can  be  estimated  by 
superimposing  the  Rayleigh 
wave  terms  from  a  succession 
of  concentrated  loadings 
(fig.  2.13).  The  two  sets  of 
stresses  can  then  be  super¬ 
imposed  to  give  an  indication 
of  the  combined  effects.  Fig. 
2.30  shows  the  result  of  one 
such  calculation .  The 
stresses  associated  with,  the 
Rayleigh  wave,  especially  the 
horizontal  stress,  can  be  of 
considerable  significance. 

The  importance  of  the  Rayleigh 
wave  of  course  decreases  rap¬ 
idly  with  depth.  Unfortu¬ 
nately  it  is  quite  difficult 


Fig.  2.30  Stresses  near  surface  toward 
end  of  superseismic  region  (frcm  Baron 
et  al.,  i960) 


to  calculate  the  surface  wave  contribution  since  it  originates  at  a  shock 
front  which  is  varying  in  intensity  and  velocity,  and  results  nave  been 
computed  for  only  a  very  few  cases . 

Fig.  2.31  shows  displacement -time  histories  for  a  point  at  ground  sur¬ 
face  near  the  end  of  the  superseismic  region  (Constantino,  1966).  Here  the 
loading  involves  airblast  sweeping  out  over  the  ground  surface  plus  a 
stress  applied  to  the  wall  of  a  hemispherical  cavity  which  simulates  a  cra¬ 
ter.  The  passage  of  the  airblast  front  causes  a  downward  and  outward  dis¬ 
placement,  but  the  horizontal  displacement  almost  immediately  switches  and 
becomes  inward.  There  is  a  pronounced  surface  wave,  which  results  in  part 
from  the  directly  induced  stress  waves  from  the  "crater"  and  in  part  from 
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Rayleigh  'waves  originated  by  the  large  peak  stresses  acting  upon  the  ground 
surface  near  the  crater .  This  surface  wave  causes  a  marked  outward  dis¬ 
placement  followed  by  a  large  rebound  toward  the  crater. 

Mich  additional  insight  into  the  nature  of  ground  motions  will  be 
gained  as  additional  computations  such  as  these  are  completed. 

Subseismic  case:  Within  the  subseismic  region,  stress  waves  run  ahead 
of  the  advancing  airblast  shock  front  , 

(fig.  2.32)  so  that  the  ground  begins  to  /  — - u<c,<c, 

move  before  the  airblast  arrives.  The  T 

sequence  of  motions  is  generally  as  de-  she**  mave-V / - 

/  VON  SCHMIDT  /  C* 

/  WAVE  / 

scribed  in  connection  with  fig.  2.17.  c,  / 

The  first  effect  is  a  small  outward  \  comphessioiT/ 

wave 

motion  as  the  P-wave  arrives.  Then  the 

surface  wave  effects  ta  over,  causing  ng-  2*32.  Wave  fronts  in 

subseismic  region 

/•Airblatt  arrive' 


-VON  SCHMIDT 
WAVE  J 


COMENESSION 

WAVE 


Fig.  2.32  Wave  fronts  in 
subseismic  region 

upward  motion  as  well 
as  additional  hori- 


TiVv  MEttStft-  prom  T.-vt  cr  arrival 
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PHASE  PUPATION 


Fig.  2.33  Typical  records  of  actual  vertical 
motions  at  several  distances  from  ground  zero 
in  subseismic  region,  Tumbler  Shot  1  (from 
Sauer  et  al.,  1964) 


zontal  motion.  Then 
finally  the  airblast 
arrives,  causing  as  in 
the  superseismic  range 
a  predominantly  down¬ 
ward  movement .  The 
net  result  of  these 
effects  is  a  complex 
pattern  of  motion. 

Fig.  2.33  shows  a  typ¬ 
ical  set  of  actual 
ground  motion  records 
for  stations  withi n 
the  subseismic  region 
at  increasing  dis¬ 
tances  from  the  ground 
zero.  The  effect  of 
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the  airblast  is  still  clearly  evident,  but  significant  motion  occurs  before 
the  airblast  arrives. 

At  the  time  of  this  writing,  theoretical  calculations  reproducing  all 
of  the  important  aspects  of  behavior  in  the  subseismic  region  are  still  not 
available.  Fig.  2.?4  gives  results  from  one  calculation  which  illustrates 
some  of  the  iiiiportant  features .  In  this  calculation  an  airblast  is  assumed 
to  spread  outward  from  ground  zero.  However,  the  variation  of  overpressure 
and  velocity  at  the  shock  front  only  approximates  actual  airblast  behavior, 
and  the  overpressure  is  assumed  constant  behind  the  shock  front  instead  of 
decreasing  as  with  actual  airblast.  The  figure  shows  stresses  and  motions 
at  a  given  point  for  a  limited  range  of  times .  The  P-wave  has  already 
arrived  some  time  ago,  and  thus  relatively  small  motions  are  already  in 
progress  at  the  beginning  of  the  plots.  The  major  motions  begin  with  the 
arrival  of  tne  Rayleigh  wave  which  is  being  pushed  ahead  of  the  airblast. 
The  horizontal  stresses  (tensile)  are  particularly  large  as  the  Rayleigh 
wave  passes.  Arrival  of  the  airblast  is  marked  by  the  sudden  increase 
(compression)  in  vertical  stress. 

For  shallow  depths,  the  stresses  and  motions  associated  with  passage 

of  the  airblast  can  be  estimated  with  reasonable  accuracy  from  the  theory 

for  a  surface  loading  moving  at  constant  velocity  and  intensity.  Equations 

with  some  numerical  results  are  given  in  Rogers  and  Palmer  (1962).  Once 

u/c  <  0.5.  the  stresses  and  motions  can  be  estimated  with  good  accuracy  by 
s 

using  a  series  of  static  distributions  for  each  successive  position  of  the 
surface  loading.  This  is  equivalent  to  neglecting  the  inertia  of  the  soil, 
so  as  to  have  am  infinite  wave  velocity.  For  this  case,  the  stresses  and 
motions  attenuate  steadily  with  depth  (seo  fig.  2.26). 

The  stresses  and  motions  associated  with  the  outrunning  are  in  effect 
governed  by  u  surface  wave,  and  hence  also  attenuate  rapidly  with  depth. 

The  attenuation  of  horizontal  stress  with  depth  stands  out  clearly  in 
fig.  2.34b.  The  vertical  stress  associated  with  the  Rayleigh  wave  first 
increases  (it  must  be  zero  ax  the  surface)  and  then  decreases  with  depth. 
The  effect  of  this  surface  wave  is  difficult  to  calculate,  since  this  wave 
originates  at  a  shock  fro^t  which  is  changing  in  intensity  ar.d  velocity, 
and  only  a  few  cases  have  been  evaluated. 
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-  200  FEET  d.  RADIAL  DISPLACEMENT 

Fig.  2.34  Stresses  and  displacements  near  ground  surface  in 
subseismic  region,  from  approximate  theoretical  calculation 


(from  Gans  and  Brooks,  1965) 

The  attenuation  of  peak  vertical  stress  with  depth  in  the  subseismic 
region  is  illustrated  by  calculations  presented  by  Ang  and  Ranier  (1965). 
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Zffect  of  layering:  When  a  plane-wave  running  through  one  material 
encounters  a  second  material  with  different  properties,  four  new  wave 
fronts  are  generated  at  the  boundary  between  the  two  materials :  P-  and 
S-waves  reflected  back  into  the  first  material  and  P-  and  S-waves  refracted 

blast  into  the  second  mate- 

£  FRONT 

5  rial.  Thus  in  the  typi- 

}"  blast  loading  ‘  cal  situation  where  air- 

_ _  blast  sweeps  over  ground 

1  1  l  I  l  I  I  1  1  SURFACE 

Yvixszzriarr'r/j^r/ 77 /v  r/v/ V? )./ / y /J/ //•?///  composed  of  a  soft  layer 

h  ^V-rl  ^  over  one  or  more  harder 

I  interface 

L  layers’ a  very  comPlex 

j'sio  s J  I  J  pattern  of  wave  fronts 

,  develops.  Fig.  2.35 

/  shows  an  example  of 

j  '^0***'*’^  these  wave  front  pat- 

terns  as  revealed  by 

_.  „  ,c  ,,  „  .  ,  .  .  ,  theoretical  calcula- 

Fig.  2.35  Wave  fronts  at  a  time  wnen 

initial  disturbance  front  is  super-  tions. 


Fig.  2.35  Wave  fronts  at  a  time  when 
initial  disturbance  front  is  super- 
seismic  on  Z  =  0  and  transseismic  on 
Z  =  H  (from  Ablow  and  Sauer,  1967) 


Z  =  H  (from  Ablow  and  Sauer,  1967)  From  the  en8lneer- 

ing  viewpoint,  the 

effects  of  these  reflections  and  refractions  may  be  considered  under  two 
headings:  (a)  the  modification  to  the  stresses  and  motions  within  the 
superseismic  region,  and  (b)  the  change  in  the  extent  of  the  super seismic 
region. 

Fig.  2.36  illustrates  the  effect  of  layering  on  the  motions  near  the 
surface  of  the  ground.  By  comparing  the  curves  for  sites  X,  Y,  and  Z 
(site  Z  is  the  homogeneous  case  shown  in  fig.  2.31),  several  important 
features  may  be  noted: 

(a)  The  initial  vertical  particle  velocity  (slope  of  displacement¬ 
time  curve)  at  the  surface  caused  by  the  airblast  arrival  is 
greater  at  site  X  because  of  the  greater  compressibility  of  the 
topmost  layer. 

(b)  The  first  reflection  within  the  topmost  layer  soon  causes  a  re¬ 
verse  particle  velocity  at  ground  surface,  and  this  and 
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subsequent  reflections  cause  the  displacement-time  histories  at 
site  X  to  show  oscillations  which  are  not  present  at  site  Z. 

(c)  Until  V'  n'^ival  of  the  surface  wave,  the  average  vertical  dis¬ 
placement  at  50- ft  depth  is  the  same  for  all  three  sites,  but  the 
surface  vertical  displacements  at  sites  X  and  Y  exceed  that  at 
site  Z  because  of  the  greater  compressibility  of  the  topmost 
layers . 

(d)  Prior  to  the  arrival  of  the  surface  wave,  the  horizontal  dis¬ 
placements  (which  are  small  anyway)  are  relatively  unaffected  by 
the  layering. 

(e)  The  motions  associated  with  the  surface  wave  are  increased  by  the 
layering,  especially  the  horizontal  motions.  This  effect  is 
partly  the  result  of  the  greater  flexibility  and  stiffness  of  the 
topmost  layer.  This  effect  also  comes  about  because  layers  can 
"channel"  the  energy  in  horizontally  moving  waves  and  thus  can 
under  certain  conditions  amplify  the  motions  associated  with 
surface  waves . 

Just  as  %/ave  propagation  down  a  vertical  column  can  be  used  to  explain 
quantitatively  many  of  the  features  of  superseismic  ground  motion  in  a 
homogeneous  soil  (fig.  2.23),  the  effects  of  layering  on  the  initial  ground 
motions  can  be  explained  simply  in  terms  of  reflections  of  P-waves  within  a 
vertical  column.  However,  the  effect  of  layering  on  surface  waves  is  very 
complex . 

The  effect  of  layering  upon  the  extent  of  the  superseismic  region  is 
illustrated  in  fig.  2.37.  In  this  figure,  the  solid  lines  show  successive 
positions  of  tie  initial  P- front .  This  front  is  complex  because  the 
P- front  in  the  lower  stratum  runs  ahead  of  the  P-front  in  the  upper  stratum, 
and  hence  energy  is  fed  back  from  the  lower  to  the  upper  stratum.  Energy 
which  is  put  into  the  ground  when  the  airblast  front  passes  point  D,  and 
which  follows  the  path  DEFG,  reaches  point  G  at  the  same  instant  as  the 
airblast.  For  points  at  greater  range  than  G,  ground,  motion  will  start 
prior  to  the  airblast  arrival  even  though  the  airblast  is  still  super¬ 
seismic  with  regard  to  the  top  stratum. 

Summary:  As  stated  at  the  outset  of  section  2.4.2,  the  aim  has  been 
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Fig.  2.37  Ray  path  diagram  for  determination  of  critical  ray  path 
for  two-layer  medium  (from  Sauer  et  al.,  196*4) 
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to  develop  a  general  understanding  of  the  nature  of  airblast- induced  ground 
motion  by  examining  the  response  for  a  number  of  highly  idealized  situa¬ 
tions  .  The  key  ideas  and  principles  which  have  emerged  from  this  study  are 
summarized  in  fig.  2.38.  This  study  has  also  given  a  general  picture  as  to 
the  status  of  the  theories  which  may  be  used  to  calculate  these  various 
effects,  and  has  indicated  simplified  theories  which  can  be  used  to 
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Fig.  2.38  Summary  of  general  features  of  ground  motion 


approximate  the  response  for  certain  cases.  The  ideas  and  principles  de¬ 
veloped  here  provide  the  basis  for  organizing  the  complex  results  of  field 
measurements  of  ground  motions  and  for  developing  engineering  approaches  to 
the  prediction  of  ground  motions  in  situations  of  practical  interest. 

2.^.3  Effect  of  Nonelastic  Behavior  of  Ground.  The  solutions  pre¬ 
sented  in  section  2.4.2  assumed  ground  to  be  linearly  elastic.  Even  though 
soil  and  rock  actually  exhibit  nonelastic  effects,  these  solutions  still 
serve  to  illustrate  and  to  permit  understanding  of  most  of  the  important 
features  of  airblast- induced  ground  motion.  This  section  briefly  considers 
the  consequences  of  the  actual  nonelastic  effects.  This  is  accomplished  by 
considering  several  simplified  models  of  soil  behavior,  each  of  -which  in¬ 
corporates  a  specific  nonelastic  feature. 

Shear  strength :  When  soil  is  compressed- in  one  direction  without  per¬ 
mitting  strains  in  the  transverse  directions  (as  in  the  standard  oedometer 

test),  the  stress-strain  curve  trends 
continuously  upward  (fig.  2.39a).  How¬ 
ever.  if  the  soil  is  sheared  (or  com¬ 
pressed  in  one  direction  with  complete 
freedom  to  strain  laterally,  as  in  the 
standard  triaxial  test),  the  stress- 
strain  curve  reveals  a  limited  peak 
strength  (fig.  2.39b) •  As  a  first  ap¬ 
proximation,  the  idealized  stress-strain 
curves  of  fig.  2.39c  can  be  used  to  in¬ 
vestigate  the  consequences  of  this 
limited  shear  strength. 

The  behavior  at  the  front  of  a 
P-wave  is  controlled  by  the  behavior  in 
confined  compression;  while  shear 
stresses  are  present  in  such  a  loading, 
there  is  no  shear  strength  failure  in  the  usual  sense  of  the  phrase.  Be¬ 
cause  many  of  the  important  features  of  the  ground  motions  within  the 
superseismic  region  (peak  vertical  stress  and  particle  velocity,  peak 
horizontal  stress  and  particle  velocity)  are  determined  mainly  by  the 
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response  at  the  P-front,  shear  strength  is  of  no  direct  interest  with 
regard  to  these  features. 

The  behavior  right  at  the  front  of  an  S-wave  is  of  course  controlled 
by  the  behavior  in  shear,  and  under  certain  circumstances  the  jump  in  shear 
stress  as  predicted  by  elastic  theory  may  exceed  the  shear  strength  of  the 
ground.  Some  aspects  of  ••..his  situation  have  been  explored  by  Bleich 
et  al.  (1965).  The  response  of  the  S-front  affects  the  rate  of  attenu¬ 
ation  of  peak  vertical  and  horizontal  stress  and  velocity  within  the  top¬ 
most  several  hundred  feet  of  the  superseismic  region.  The  influence  of 
this  shear  stress  upon  attenuation  has  not  been  systematically  examined  as 
yet.  Howev'  ",  since  the  total  attenuation  is  relatively  small  (see  fig. 
2.26)  the  rate  at  which  this  attenuation  occurs  is  of  secondary  importance. 

The  behavior  behind  the  wave  fronts  within  the  superseismic  region  is 
affected  by  the  entire  stress-strain  relation  for  ground,  and  limited  shear 
strength  must  have  some  effect  upon  this  behavior.  A  few  calculations  have 
recently  been  made,  but  the  writer  has  not  examined  the  results.  However, 
since  the  main  response  within  the  superseismic  region  is  a  downward  com¬ 
pression  with  relatively  little  horizontal  straining,  it  might  be  expected 
that  the  consequences  of  limited  shear  strength  are  relatively  minor. 

The  most  important  consequence  of  limited  shear  strength  lies  in  the 
effect  upon  surface  waves.  As  the  analyses  summarized  in  section  2.4.2 
have  shown,  surface  waves  may  involve  large  shear  stresses  and  always  in¬ 
volve  tensile  stresses  (soil,  of  course,  has  a  very  low  tensile  strength). 
Some  yielding  thus  must  occur  in  an  intense  surface  wave.  Because  some 
loss  of  energy  occurs  during  a  cycle  of  loading-yielding -unloading,  the 
displacements  resulting  from  surface  waves  will  tend  to  attenuate  more 
rapidly  with  distance  than  indicated  by  elastic  theory.  Thus  shear 
strength  may  affect  the  magnitude  of  the  ground  motions  within  the  out¬ 
running  region,  and  will  have  a  particularly  great  effect  in  reducing  the 
intense,  late  ..rriving  surface  waves  predicted  for  superseismic  regions 
(fig.  2.30).  Only  now  is  this  consequence  being  investigated  system¬ 
atically. 

Thus,  in  summary,  limited  shear  strength  appears  to  have  relatively 
little  effect  upon  those  aspects  of  grounu  motion  which  are  associated 
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primarily  with  the  passage  of  airblast  directly  over  a  point,  but  may  have 
important  effects  upon  surface  waves  originating  nearer  ground  zero. 

Hysteresis :  As  indicated  in  fig.  2.40,  the  stress-strain  curve  of 
soil  and  rock  during  unloading  generally  will  not  exactly  follow  the 

stress-strain  curve  during  loading  This  is  true  for 
shear  even  for  stresses  much  less  than  the  shear 
strength.  It  is  also  true  for  compression. 

The  energy  loss  associated  with  hysteresis 
will  cause  attenuation  of  the  response  at  a  super- 
seismic  wave  front  as  well  as  attenuation  of  surface 
waves.  Two-dimensional  problems  involving  hysteresis 
have  recently  been  investigated,  but  again  the  writer 
has  not  yet  examined  the  results.  However,  section 
2.4.2  has  indicated  that  most  of  the  main  features  of 
ground  motion  within  the  superseismic  region  can  be 
approximated  by  studying  one -dimensional  wave  propagation  within  a  vertical 
column  of  soil,  and  some  approximate  crude  studies  of  the  effect  of  hyster¬ 
esis  upon  one -dimensional  wave  motions  have  been  made  (Whitman,  1963)*  By 
assuming  reasonable  values  for  the  energy  loss  per  cycle,  it  was  found  that 
hysteresis  generally  will  cause  less  than  10$  attenuation  of  peak  stress  and 
particle  velocity  within  the  uppermost  200  ft  in  the  case  of  a  large  explo¬ 
sion  such  as  30  Mt,  but  might  cause  very  considerable  attenuation  over  such 
a  depth  in  the  case  of  a  relatively  small  explosion  such  as  1  kt.  Labora¬ 
tory  experiments  on  long  soil  columns  have  shown  that  the  predictions  of 
this  crude  theory  are  substantially  correct  for  depths  which  are  small  com¬ 
pared  to  the  wavelength  of  the  airblast  (Seaman,  1964  and  19 66),  which  are 
the  depths  of  greatest  interest  in  most  practical  problems . 

Viscosity:  Soils  generally  exhibit  time-dependent  behavior,  such  as 
creep  under  constant  load,  for  both  shear  and  compression.  As  with  hyster¬ 
esis,  viscosity  must  have  some  effect  upon  all  aspects  of  airblast-induced 
ground  motion.  However,  the  only  effect  which  has  been  studied  in  detail, 
and  then  but  crudely,  is  the  possible  attenuation  of  peak  vertical  stress 
and  particle  velocity  with  depth  (Whitman,  1963).  The  conclusion  was  gen¬ 
erally  the  same  as  for  hysteresis:  that  attenuation  is  relatively 


Fig.  2.40  Stress- 
strain  curve  exhib¬ 
iting  hysteresis 
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unimportant  in  the  case  of  large  explosions  but  may  be  quite  important  for 
small  explosions . 

It  is  important  to  note  that  the  stress-strain  curve  for  a  viscous 
material  during  a  cycle  of  loading  and  unloading  is  very  similar  to  that 
for  a  hysteretic  mate¬ 
rial.  This  is  illus- 

SPMN65 

trated  in  fig.  2.41, 
using  the  simplest 
viscoelastic  model 
which  exhibits  the  most 
important  features  of 
soil  behavior .  Thus , 
although  most  of  the 
energy  loss  in  soils 
actually  results  from 
hysteresis,  the  visco¬ 
elastic  model  can  by 
appropriate  choice  of  constants  be  made  to  properly  represent  this  energy 
loss  (Seaman,  1966).  Mathematical  analysis  of  wave  propagation,  particu¬ 
larly  in  two  or  three  dimensions,  is  much  easier  for  a  linesr  viscoelastic 
material  than  for  a  hysteretic  material.  The  economic  advantages  of  using 
viscoelastic  theory  for  studying  the  consequences  of  energy  losses  within 
soil  may  have  been  greatly  overlooked  in  weapons  effects  research.  The 
steady-state  problem  of  airblast  moving  over  a  viscoelastic  material  has 
been  treated  by  Rajapaksee  et  al.  (i960),  but  only  limited  numerical  re¬ 
sults  are  presented  and  no  attempt  has  been  made  zo  compare  these  results 
with  those  of  the  one-dimensional  case. 

Nonlinearity :  Stress-strain  curves  for  soil  and  rock  Eire  usually  far 
from  being  linear  (figs.  2.39a  and  2.39b).  This  nonlinearity  affects  pri¬ 
marily  the  rise  times  at  wave  fronts.  As  shown  in  fig.  2.42a,  a  yielding 
type  of  stress-strain  curve  means  that  rise  time  increases  with  distance., 
because  increasing  stress  means  decreasing  modulus  and  thus  decreasing 
velocity  of  propagation.  On  the  other  hand,  a  stiffening  type  of  stress- 
strain  curve  (fig.  2.42b)  implies  that  rise  time  decreases  with  distance 
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Fig.  2.42  Relation  between  type  of  stress-strain  curve 
and  nature  of  wave  front 


until  a  shock  wave  of  zero  rise  time  develops. 

Typically,  actual  stress-strain  curves  dur¬ 
ing  loading  in  confined  compression  are  S- shaped 
as  shown  in  fig.  2.43,  having  both  yielding  and 
stiffening  behavior  (for  example,  see  Whitman, 
Miller,  and  Moore,  196*0-  Hence  F-waves  !v.  soil 
may  be  either  shock  waves  or  show  increasing 
rise  times,  depending  upon  the  conditions. 

Fig.  2.44  gives  results  from  a  laboratory  test 
which  showed  shock  waves  forming  at  shallow 
depths  but  then  degenerating  into  plastic-type 
waves.  Detailed  study  (Seaman  and  Whitman, 

1964)  indicates  that  shock  waves  can  develop 
only  at  very  shallow  depths  in  soils  of  low  mod¬ 


Fig.  2.43  S- shaped 
stress-strain  curve 
for  confined  com¬ 
pression 


ulus.  Otherwise,  increasing  rise  times  are  to  be  expected. 

Other  factors  also  influence  the  rise  times  at  wave  fronts,  and  hence 
the  accelerations  at  such  fronts  Stoll  and  Ebeido  (1965)  have  studied  the 
role  of  viscosity.  Reflections  among  the  many  small-scale  stratifications 
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Fig.  2.44  Typical  changes  in  wave  front 
with  depth,  as  observed  in  soil  shock  tube 
(from  Seaman  and  Whitman,  19$-) 


ar.d  lenses  within  actual  soils  also  act  to  scatter  the  energy  at  the  wave 
front  and  hence  cause  the  peak  accelerations  tc  decrease  with  distance.  It 
is  extremely  difficult  to  predict  peak  accelerations  from  theory  alone,  and 
heavy'  reliance  must  be  placed  upon  actual  field  observations. 

Other  implications  of  nonlinearity,  as  it  affects  the  wave  propagation 
problem  in  soils,  are  treated  by  Zaccor  (1967) • 

Summary:  The  consequences  of  the  nonelastic  effects  discussed  in  this 
section  are  still  poorly  understood.  Nonlinearity  has  an  important  quali¬ 
tative  consequence:  rise  times  at  wave  fronts  are  actually  finite  and  in¬ 
crease  with  distance  rather  than  being  zero  as  predicted  by  elastic  theory. 
The  consequences  of  shear  strength,  hysteresis,  and  viscosity  are  large 
quantitatively.  These  effects  cause  loss  of  energy  and  hence  attenuation 
of  waves  with  distance.  This  attenuation  appears  to  be  especially  impor¬ 
tant  for  surface  waves.  For  stresses  and  velocities  at  P- fronts,  attenua¬ 
tion  caused  by  nonelastic  effects  is  similar  in  magnitude  to  the  attenua¬ 
tion  caused  by  the  two-dimensional  effects  discussed  in  section  2.4.2 
(fig.  2.26). 

2.4.4  Prediction  of  Ground  Motions  for  Engineering  Studies.  In  prin¬ 
ciple,  use  of  modern  computational  techniques  together  with  high-speed 
digital  computers  makes  it  possible  to  compute  the  ground  motion  response 
for  any  soil  profile  with  any  desired  stress-strain  characteristics. 


Within  the  past  several  years,  since  the  bulk  of  this  report  was  written, 
there  have  been  opportunities  to  compare  the  results  as  predicted  by 
lengthy  calculations  using  realistic  soil  properties  with  actual  field  ob¬ 
servations.  Apparently  the  results  have  been  encouraging,  and  it  may  well 
be  that  such  calculations  can  now  be  used  to  generate  input  for  design. 
Because  of  the  cost  of  a  single  computer  run,  there  naturally  is  a  tendency 
to  make  a  single  run  using  "best  estimate"  soil  properties.  However,  in 
view  of  the  inevitable  uncertainties  which  (in  the  writer’s  opinion)  will 
always  exist  concerning  in  situ  soil  properties,  it  is  essential  that  a 
series  of  computer  runs  be  made  for  each  problem,  using  a  range  of  soil 
properties . 

Because  of  these  shortcomings  of  predictions  based  on  lengthy  computer 
runs,  at  the  present  time  the  engineer  should  still  rely  heavily  upon  sim¬ 
pler  approaches  which  are  based  upon  field  observations  organized  in  ac¬ 
cordance  with  simple  theoretical  concepts.  There  are  a  variety  of  such 
methods:  for  example,  those  presented  by  ASCE  (1961),  Wilson  and  Sibley 
(1962),  Air  Force  (1962),  Sauer  et  al.  (1964),  and  Agbabian-Jacobsen  Asso¬ 
ciates  (1966).  Predictions  are  usually  made  in  two  steps.  First,  peak 
stresses  and  motions  are  estimated.  These  estimates  can  be  made  with  a 
fair  degree  of  confidence.  Next  the  time  history  of  the  ground  motion,  or 
at  least  the  phasing  of  the  major  events,  is  estimated.  Estimates  of  the 
time  history  cr  wave  form  are  much  more  difficult  and  much  more  uncertain. 

A  full  discussion  of  these  approximate  engineering  approaches  is  be¬ 
yond  the  scope  of  this  reporu.  The  general  philosophy  and  approach  will  be 
illustrated  by  presenting  prediction  techniques  for  a  specific  case : 
stresses  and  ground  motions  within  the  superseismic  region  of  homogeneous 
ground . 

Prediction  equations  for  superseismic  region,  homogeneous  soil:  The 
prediction  methods  for  this  case  are  based  upon  one -dimensional  elastic 
wave  propagation  theory,  with  some  simple  but  inexact  modifications  which 
make  the  predictions  more  in  accord  with  reality.  The  extent  to  which  one¬ 
dimensional  theory  can  be  used  to  approximate  superseismic  behavior  has 
been  illustrated  in  fig.  2.24. 

The  first  step  is  to  predict  the  attenuation  of  peak  vertical  stress 
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witn  depth.  This  is  done  using  the  equations 
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where  p  is  the  peak  surface  overpressure  directly  above  the  point  in 
s 

question,  a  is  an  attenuation  factor,  z  is  the  depth  in  feet,  and  W  is 
the  equivalent  weight  of  the  explosive  in  megatons.  Equations  2.2  and  2.3 
were  originally  obtained  using  a  quasi-static  calculation  which  neglects 
the  inertia  of  the  soil.  An  example  of  the  attenuation  predicted  by  these 
equations  appears  in  fig.  2.26.  As  discussed  in  section  2.4.2,  this  result 
overestimates  the  attenuation  which  occurs  within  an  elastic  medium.  How¬ 
ever,  considering  that  attenuation  introduced  by  hysteresis  and  viscosity 
cause  additional  attenuation  (section  2.4.3),  the  predictions  obtained  by 
means  of  the  above  equations  are,  rather  fortuitously,  in  agreement  with 
the  very  few  measurements  of  the  actual  attenuation  of  peak  vertical  stress. 

Next  the  peak  vertical  particle  velocity  is  estimated.  According  to 
one-dimensional  elastic  theory,  this  velocity  is 
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where  D  is  the  constrained  modulus,  is  the  velocity  of  a  P-wave,  and 
p  is  the  mass  density.  For  a  soil  with  a  unit  weight  of  115  pcf,  this 
equation  becomes : 
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It  must  be  emphasized  that  serves  here  as  a  measure  of  the  resistance 
of  the  soil  to  compression.  The  evaluation  of  this  compressive  resistance 
for  a  given  soil  is  discussed  in  section  2.4.5.  Equation  2.4,  though 
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approximate  for  two-dimensional  super seismic  motion,  nonetheless  is  a  sound 

and  good  approximation.  For  a  given  (a  )  ,  (w)  depends  primarily 

\  z/max  niax 

upon  the  properties  of  the  soil  at  the  point  in  question,  and  only  to  a 
lesser  degree  upon  what  happens  above  or  below  the  point.  Of  all  the  vari¬ 
ous  aspects  of  ground  motion,  peak  vertical  particle  velocity  can  be  esti¬ 
mated  most  accurately.  For  near-surface  points  where  a  ~  1  ,  it  generally 

is  possible  to  estimate  (w)  .  to  within  a  factor  of  1.3  or  at  worst  a 

max 

factor  of  2. 

Peak  vertical  displacement  is  more  difficult  to  predict,  since  this 
displacement  depends  upon,  the  strains  developed  at  great  depth.  In  the 
one -dimensional  case,  the  peak  displacement  is 
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where  I  is  the  applied  impulse;  that  is,  the  integral  of  overpressure 
versus  time  at  the  surface .  Some  rationale  can  be  found  for  applying  this 
same  expression  to  the  two-dimensional  airblast  problem.  For  example,  it 
can  be  argued  that  impulse  will  he  approximately  preserved  with  depth  down 
a  vertical  column  of  soil  cutting  through  the  two-dimensional  field.  How¬ 
ever,  the  best  justification  for  the  use  of  this  equation  is  that  it  pro¬ 
vides  a  simple  method  which  contains  the  correct  factors  and  which  provides 
results  that  are  in  reasonable  agreement  with  observations .  Using  an  ap¬ 
proximate  expression  for  the  impulse  within  the  airblast  and  assuming  a 

unit  weight  of  115  pcf,  Equation  2.6  becomes 

1  1 

(V)  =9  in.  (_LL_rf/l2^Vw  V  {  ) 

v  'max  \  100  psi  /  \  Ml  Mt J  v  ' 

Predictions  based  upon  this  equation  probably  are  accurate .to  within  a  fac¬ 
tor  of  2  but  may  err  by  as  much  as  a  factor  of  b  or  5. 

According  to  this  approach,  the  peak  vertical  displacement  is  the  same 
at  all  depths,  which  is  approximately  true  for  shallow  depth  (z  <  0.3Lw)  in 
homogeneous  soils.  Clearly  this  cannot  remain  true  for  all  depths,  how¬ 
ever.  The  peak  transient  relative  displacement  between  the  surface  and 
depth  z  can  be  estimated  from  the  fact  that  the  maximum  average  strain 


6c 


between  the  two  points  must  be  less  than  the  maximum  strain  at  the  surface. 
F^nce : 


P  P 

w*--v 

pCD 

For  a  soil  with  a  unit  weight  of  115  pcf,  this  becomes 

2  /  . 


(2.8) 


Aw  <  4. 


/  ps 

(1000  fps\ 

^100  psi J  \ 

^  CD  ) 

(2.9) 


Predictions  using  this  equation  are  probably  ~ood  to  within  a  factor  of  2 
or  at  worst  a  factor  of  3. 

Predictions  of  peak  vertical  acceleration  depend  almost  entirely  upon 
empirical  data  regarding  rise  times.  If  the  rise  time  t  is  known,  and 
if  the  particle  velocity  is  assumed  to  increase  parabolically,  then 


(V) 


2(w) 


max 


max 


(2.10) 


Near  or  at  ground  surface,  t^  is  typically  observed  to  be  about  2  msec. 
Using  this  result  and  increasing  the  predictions  by  2 0$  to  give  a  better 
fit  with  observed  accelerations,  the  peak  surface  downward  acceleration 
becomes : 

■  150  (loSTSi)  f2-11’ 

The  rise  time  increases  with  depth,  and  so  the  peak  downward  acceleration 
decreases  with  depth.  As  an  approximation,  t  can  be  taken  as  equal  to  a 
constant  K  times  the  transit  time  of  a  seismic  signal  from  the  surface  to 
the  depth  considered.  Thus 


where 


(2.12) 


(2.13) 
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Here  CL^  is  the  dilatational  velocity  of  a  seisirdc  level  signal.  This 

DO 

leads  to: 


f100  ft 


^100  psi, 


)(¥)» 


(2.14) 


Equation  2.14  overestimates  the  peak  acceleration  at  very  shallow  depth, 
and  hence  no  value  greater  than  that  given  by  Equation  2.11  should  be  used. 
For  depths  greater  than  10  ft,  the  predictions  of  Equation  2.14  agree  with 
field  observations  to  within  a  factor  of  2  or  3* 

The  foregoing  prediction  equations  give  the  vertical  components  of 
motion  for  the  superseismic  range,  Horizontal  components  can  be  estimated 
from  the  following  rules  which  are  based  upon  scattered  field  observations 
plus  the  insight  provided  by  theoretical  calculations. 

Peak  horizontal  stress  =  2/3  peak  vertical  stress 
Peak  horizontal  velocity  =2/3  peak  vertical  velocity 
Peak  horizontal,  displacement  =  1/3  peak  vertical  displacement 
Peak  horizontal  acceleration  =  peak  vertical  acceleration 

The  wave  form  for  verti¬ 
cal  stress  (the  wave  form  for 
particle  velocity  would  be 
similar)  is  shown  in  fig. 

2.45.  Basically  the  wave  form 
is  that  of  the  airblast  over¬ 
pressure,  with  the  peak  atten¬ 
uated  according  to  Equation 
2.1  and  the  rise  time  in¬ 
creased  according  to  Equation 
2.12.  If  impulse  is  to  be 
preserved  with  depth,  there 

Fig.  2.45  Distribution  of 
stress  at  time  t  after 
airblast  passes  point  on 
ground  surface 
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must  be  some  lengthening  of  the  tail  of  the  wave  form.  Wave  forms  of  ac¬ 
celeration  and  displacement  can  be  derived  from  the  time  history  for  parti¬ 
cle  velocity. 

Weeded  research:  The  foregoing  prediction  equations  for  ground  mo¬ 
tions  within  the  superseismic  region  of  homogeneous  ground  illustrate  the 
blending  of  simple  theoretical  concepts  and  field  observations  in  order  to 
arrive  at  a  self-consistent  and  simple  set  of  prediction  equations.  There 
is  a  need  to  develop  more  complete  prediction  techniques  which  will  -cake 
into  account  such  complexities  as  layering  of  the  ground.  The  development 
of  such  advanced  procedures  must  be  based  upon  two  principles : 

(a)  The  procedure  must  permit  the  user  to  understand  clearly  the  link 
between  assumption  and  result,  so  that  he  can  use  his  judgment 
and  experience  in  assessing  the  probable  accuracy  of  the  result. 

(b)  The  procedure  should  be  adequately  based  upon  actual  field  ob¬ 
servations  .  Limited  confidence  can  be  placed  in  any  prediction 
unless  it  represents  only  a  modest  extrapolation  of  that  which 
is  already  known  through  experience. 

Engineers  and  scientists  should  avoid  lengthy  computer  runs  in  which  many 
new  complexities  are  considered  at  the  same  time.  However,  it  is  essential 
to  have  computer  studies  in  which  the  effect  of  each  variable,  or  groups  of 
variables,  is  examined  singly  and  the  results  are  compared  with  field  ex¬ 
perience.  In  this  way  it  will  be  possible  to  build  confidence  in  the  use 
of  complex  computer  programs  and  at  the  same  time  to  form  a  basis  for  de¬ 
veloping  more  versatile  and  yet  simple  and  reliable  prediction  techniques . 

2.4.5  Requirements  for  Data  Regarding  Soil.  Table  2.5  summarizes  the 
requirements  for  soil  data  in  connection  with  predictions  of  airblast- 
induced  ground  motions. 

When  the  simple  prediction  techniques  discussed  in  section  2.4.4  are 
used,  there  is  only  a  limited  requirement  for  specific  values  of  certain 
soil  parameters.  By  far  the  most  important  parameter  is  the  secant  modulus 
of  soil  in  confined  compression  (constrained  modulus)  for  the  stress  incre¬ 
ment  of  concern.  A  value  of  this  modulus  is  needed  for  every  prediction. 

It  can  well  be  said  that  no  prediction  can  be  more  accurate  than  the  esti¬ 
mate  of  the  constrained  modulus.  This  modulus  is  related  to  the  velocity 
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Table  2.5 

Requirements  for  Data  on  Soil  Properties  in  Connection 
with  Airblast-T nduc ed  Ground  Motions 


1.  Data  for  Studies  to  Ascertain  Importance  and  Effect  of  Various  Features 
of  Soil  Behavior 

Need  to  identify  key  features  of  behavior  and  to  establish  general 
range  of  values  for  key  parameters  such  as : 
compr es  sibility 
shear  strength 

energy  loss  per  cycle  of  loading 
time-dependent  effects 

2.  Data  for  Use  in  Simple  Prediction  Procedures 

a.  Modulus  in  confined  compression 

-  Needed  for  every  prediction 

-  Alternatively  can  use  =  dilatational  velocity  of  peak  stress 

b .  Seismic  dilatational  velocity 

-  Useful  for  judging  variation  of  rise  time  with  distance 

-  Useful  as  indirect  measure  of  modulus  during  confined  compression 

c .  Energy  loss  per  cycle 

-  Of  some  use  in  judging  relative  attenuation  at  various  sites 


of  propagation  for  the  peak  level  of  stress,  and  is  generally  less  than  the 
seismic  wave  velocity  as  conventionally  measured  in  the  field.  While  the 
seismic  dilatational  velocity  is  useful  as  a  crude  estimate  for  the  modulus 
in  confined  compression,  reliable  estimates  of  ground  motions  can  be  ex¬ 
pected  only  when  a  direct  determination  is  made  of  either  the  modulus  or 
the  propagation  velocity  for  peak  stress.  Some  direct  use  can  be  made 
today  of  the  energy  loss  per  cycle  for  a  soil;  however,  the  computational 
techniques  needed  for  a  full  use  of  this  quantity  are  still  under  develop¬ 
ment  . 
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There  is  a  growing  requirement  for  detailed  soil  data  regarding  vari¬ 
ous  sites  to  be  used  in  complex  computer  codes .  The  most  important  param-  . 
eters  appear  to  be  compressibility,  shear  strength,  and  energy  loss  per 
cycle  of  loading.  Evaluation  of  such  parameters  will  require  considerable 
effort  and  expense  in  field  exploration,  sampling,  and  testing,  and  it  is 
essential  that  there  be  close  liaison  between  those  providing  the  soil  data 
and  those  who  write  and  use  the  computer  codes. 

2.5  SOIL-STRUCTURE  INTERACTION  WITH  AIRBLAST-INDUCED  STRESS  WAVES 

As  noted  earlier,  soil-structure  interaction  concepts  are  used  (a)  to 
design  the  structural  shell  to  carry  the  applied  stresses ,  and  (b)  to  de¬ 
termine  the  motions  of  the  structure  as  an  input  to  the  design  of  any  shock 
isolation  systems  necessary  to  allow  the  personnel  and  equipment  to  survive 
the  motions .  The  inputs  for  these  considerations  are  the  free-field 
stresses  and  ground  motions  as  discussed  in  section  2.4. 

The  design  of  buried  protective  structures  is  even  more  complicated 
than  the  evaluation  of  free-field  ground  motions  and  stresses.  Detailed 
discussions  are  provided  by  Merritt  and  Nswmark  (1964),  Agbabian- Jacobsen 
Associates  (1966),  and  Newmark  and  Haltiwanger  (1962).  This  section  will 
be  restricted  to  the  most  essential  soil  mechanics  considerations.  Sec¬ 
tions  2.5*1  through  2.5-4  will 
discuss  methods  for  estimating 
the  stresses  reaching  buried 
structures  of  different  geome¬ 
tries  (fig.  2.46).  Section 

2.5.5  will  discuss  the  motions 
experienced  by  such  buried 
structures.  The  emphasis  will 
be  on  the  relation  between  soil 
properties  and  response. 

2.5.1  Buried  Horizontal 
Cylinders .  Horizontal  cylinders 
buried  at  shallow  depth  can, 
with  proper  backfilling,  sustain 
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a.  BURIED  CYLINDER  b.  BURIED  RECTANGULAR 

STRUCTURE 
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c.  BURIED  STRUCTURES 
SUPPORTED  ON  FOOTINGS 


d.  SILOS 


Fig.  2.46  Typical  configurations  of 
buried  structures 
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large  applied  stresses  owing  to  their 
favorable  structural  configuration. 

Proper  backfilling  prevents  excessive 
lateral  deformation  followed  by  a  caving 
in  of  the  cylinder  crown  (see  fig.  2.47). 
Careful  backfilling  is  always  justified 
economically  in  protective  construction. 
It  also  is  often  justified  in  conven¬ 
tional  engineering,  especially  where 
circular  conduits  are  in  use  under  dams  and  embankments  up  to  several 
hundred  feet  in  height. 

It  has  been  shown  (Luscher,  1963;  Dorris,  1965)  that  for  shallow 
burial  the  dynamic  response  is  similar  to  the  static  response  under  an 
applied  surface  loading  equal  to  the  peak  dynamic  pressure.  This  simi¬ 
larity  has  been  used  extensively  in  the  past  to  learn  from  much  simpler 
static  tests  a  great  deal  about  prototype  dynamic  behavior.  Most  of  the 
following  rules  were,  in  fact,  developed  on  the  basis  of  small-scale  static 
tests . 

Provided  that  careful  backfilling  keeps  the  laterax  deformations 
small,  elastic  theory  provides  reasonably  accurate  estimates  for  the 
stresses  between  the  soil  and  the  cylinder.  That  is,  the  shear  stresses 
within  the  soil  (except  perhaps  in  a  very  small  zone  right  next  to  the 
structure)  remain  less  than  the  shear  strength  of  the  soil  until  structural 
failure  develops.  The  validity  and 
usefulness  of  elastic  theory  have  been 
demonstrated  by  small-scale  tests  by 
Hoeg  (1966),  for  a  wide  range  of  cyl¬ 
inder  stiffness.  Fig.  2.48a  shows  a 
typical  pattern  of  contact  stress.  De¬ 
pending  upon  the  relative  stiffness  of 
the  structure  and  the  soil,  the  peak 
contact  stress  may  be  either  somewhat 
greater  or  somewhat  less  than  the  sur¬ 
face  overpressure.  Suitable  values  for 


a.  RIGID  CYLINDER 


b.  WE1..L- 
BACKFILLED 
FLEXIBLE  CYLINDER 


Fig.  2.48  Distribution  of 
stresses  against  horizontal 
buried  cylinder 
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q.  DEFLECTIONS  b.  BEGINNING  OF 
PRIOR  TO  COLLAPSE  COLLAPSE  BY 

CAVING  AT  CROWN 


Fig.  2.47  Collapse  of  poorly 
backfilled,  horizontal,  buried 
flexible  cylinder 
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the  modulus  of  the  soil  may  be  determined  from  confined  compression  tests. 
The  proper  value  for  this  modulus  will  vary  depending  upon  the  magnitude  of 
the  applied  overpressure. 

For  the  special  case  of  a  flexible  buried  cylinder,  after  a  small 
amount  of  deformation  the  stresses  between  the  cylinder  and  the  soil  become 
uniform  (fig.  2.48b).  The  amount  of  deformation  req’iired  to  reach  this 
condition  can  be  estimated  using  the  theory  proposed  by  Spangler  (i960), 
but  using  values  of  latera’  resistance  coefficient  much  larger  than  those 
suggested  by  Spangler  (see  Lambe,  1963).  For  such  a  situation,  the  criti¬ 
cal  design  force  is  the  ring  compression,  which  may  cause  failure  by  either 
buckling  or  compressive  failure,  (if  buckling  in  the  inelastic  range  is 
also  considered,  compressive  failure  actually  corresponds  to  inelastic 
buckling.)  The  compressibility  of  the  soil  backfill  is  an  important  factor 
with  regard  to  the  susceptibility  cf  the  cylinder  to  buckling.  The  buck¬ 
ling  equation  is  (Luscher,  1965): 


where 

o'  ~  free-field  vertical  soil  stress  leading  to  buckling;  for  shallow 

z  burial,  o'  is  equal  to  the  pressure  applied  at  the  surface 
z 

K  =  a  factor  which  takes  into  account  the  depth  of  burial  and  other 
geometrical  aspects  of  the  problem 

El  =  flexural  rigidity  of  cylinder;  if  E  is  defined  as  the  tangent 
modulus  of  the  cylinder  material  at  any  stress  level,  the  equa¬ 
tion  is  valid  for  inelastic  as  well  as  elastic  buckling 

R  =  radius  of  cylinder 

M  =  constrained  modulus*  of  the  soil  backfill;  may  be  a  function 

of  a ' 
z 

Table  2.6  gives  results  computed  by  means  of  this  equation.  With  a 
diameter/thickness  ratio  D/t  =  D/t  ,  elastic  buckling  occurs  at  a  ring 
stress  just  equal  to  the  yield  hoop  stress.  If  the  design  stress  oj  is 

*  The  modulus  M  is  the  same  as  the  modulus  D  in  section  2.4.  The 
symbol  M  is  used  here  to  avoid  confusion  with  the  diameter  D  . 
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less  than  the  tabulated  values  of 


(°’L 


,  the  lead  can  be  carried  most 


efficiently  by  choosing  D/t  >  D/t  ,  and  failure  vould  then  be  by  elastic 

buckling.  If  the  design  stress  is  greater  than  /o')  ,  the  load  can  be 

V  z/cr 

most  efficiently  carried  by  choosing  D/t  <  D/t  and  failure  would  then 

cr 

be  by  compressive  yielding  (inelastic  buckling). 

Thus,  modulus  as  measured  in  confined  compression  is  the  key  soil 
property  governing  the  interaction  between  soil  and  well-backfilled  hori¬ 
zontal  cylinders.  This  is  true  whether  the  cylinder  has  some  rigidity  and 
fails  by  yielding  in  bending  or  is  extremely  flexible  and  fails  by  elastic 
or  inelastic  buckling. 

2.5.2  Buried  Closed  Rectangular  Structures.  Structures  of  this  geom¬ 
etry  are  used  when  moderate  stresses,  say  up  to  100  psi  or  maybe  200  psi, 


are  to  be  sustained.  The  load¬ 
ings  sustained  by  the  relatively 
flexible  and  ductile  roof  (fig. 
2.46b)  have  often  been  observed 
to  be  considerably  reduced  com¬ 
pared  to  the  pressures  applied 
at  the  surface  (Bultmann  et  al., 
1 959). 


iiHiimununnii 


Fig.  2.49  Trapdoor  experiment 


The  fundamentals  of  this  situation  have  been  studied  by  means  of  so- 
called  "trapdoor"  experiments  (fig.  2.49).  Here  a  movable  pxate  in  the 
bottom  of  a  bin  of  soil  is  moved  away  from  the  soil,  simulating  a  flexible 

roof  of  a  buried  structure,  and 


CHANGE  IN  FORCE 
AGAINST 
PLATE 


Fig.  2.50  Results  of  trapdoor 
experiment 


the  force  against  the  plate  is 
observed  as  a  function  of  the 
movement.  Experiments  have  also 
been  made  in  which  the  plate  as 
■+8  pushed  into  the  soil,  simulating 
the  behavior  of  a  very  rigid 
buried  structure.  Fig.  2.50 
shows  a  typical  set  of  results. 

For  small  movements,  the 
behavior  of  the  soil  is 
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essentially  elastic,  and  the  force- 
deflection  relation  can  be  estimated 
from  elastic  theory  (Finn,  1963  j 
Chelapati ,  196U ) . 

With  larger  movement  of  the 
plate  away  from  the  soil,  a  limiting 
force  is  reached.  This  limiting  con¬ 
dition  is  called  positive  arching , 
since  the  shear  resistance  of  the 
soil  acts  to  decrease  the  force 
against  the  plate.  Fig.  2.51  shows  a 
hypothetical  model,  originally  pro¬ 
posed  by  Ma.rstcn  (Spangler,  i960),  which  has  often  been  used  to  estimate 
the  load  reaching  the  plate.  This  classical  method  has  been  extended  (Wew- 
mark  and  Haltiwanger,  1962)  to  take  into  account  the  compressibility  of  the 
soil  and  only  partial  mobilization  of  shear  stresses  along  the  hypothesized 
vertical  failure  surfaces.  Other  theories  for  estimating  the  reduction  in 
stress  have  also  been  advanced,  based  upon  the  concept  of  formation  of 
arches  over  the  structure  (Mason  et  al.,  1963 ;  Luscher  and  Hoeg,  1965; 
Nielsen,  1967) . 

While  there  is  considerable  doubt  as  to  the  exact  mechanism  of  arching, 
the  procedures  outlined  by  Newmark  and  Haltiwanger  give  reasonably  good 
agreement 'with  the  available  data  regarding  buried  structures. 

With  large  movement  of  the  plate  into  the  soil,  there  is  also  limiting 
force  corresponding  to  negative  arching .  The  Newmark-Haltiwanger  theory'-, 
with  shear  stress  acting  in  the  opposite  direction,  can  also  be  used  to 
estimate  this  limiting  force. 

The  application  of  these  principles  to  buried  rectangular  structures 
indicates  a  distribution  of  stress  against  the  top  of  the  structure  as 
shown  in  fig.  2.52.  Because  of  the  flexibility  of  the  roof  and  base  in 
bending,  the  vertical  compressibility  along  B-B  is  greater  than  the  verti¬ 
cal  compressibility  of  the  soil  (A-A).  Hence  the  stress  over  the  major 
portion  of  the  roof  is  less  than  the  average  stress  at  this  elevation. 
However,  the  walls  (C-C)  are  generally  stiffer  than  the  soil,  so  that 


t  THRUST  ON 
PLATE 


Fig.  2.51  Marston-Spangler  theory 
for  arching 
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negative  arching  occurs  over 
the  walls . 

The  stresses  on  the 
vertical  sides  of  the  rec¬ 
tangular  structure  are 
computed  as  percentages  Kq 
of  the  dynamic  vertical 
stress.  Proposed  values  of 


DISTRIBUTION 
OF  ST  HESS  ON 
HORIZONTAL 
PLANE  ACROSS 
TOP  OP  STRUCTURE 


,,  ..  ,  .  Fig.  2.52  Arching  at  closed  rectangular 

Ko  •  the  dynamlc  coeffl"  structure 

cient  of  lateral  stress, 

range  from  0.25  to  1.0  depending  upon  the  type  of  soil  and  the  degree  of 
saturation  with  water  (Wewmark  and  Haltiwanger,  1962). 

2.5.3  Buried  Arches  or  Rectangular  Structures  Supported  on  Footings. 
Structures  supported  on  footings  (fig.  2.46c)  can  generally  be  used  for 
relatively  small  pressures  only  (up  to  50  or  maybe  100  psi).  As  the  foot¬ 
ings  punch  into  the  supporting  soil,  the  structure  can  move  downward  with 
respect  to  the  soil  at  the  side  of  the  structure,  thus  permitting  consider¬ 
able  positive  arching  to  develop  above  the  structure  (fig.  2.53).  Thus, 

.  because  of  the  flexibility 

I  OVERPRtSiUftEtN  SURFACE^  J  J  |  [ 

•"W'kJ' introduced  by  the  footings, 

even  rather  rigid  structures 


OVERPRESSURE  ON  SURFACE 


~ — stress  on  such  as  well-backfilled 

plane  ACROSS  ,  .  -  .  ,  . 

■  j  i  .  -  top  or  structure  arches  will  experience  verti- 

;  v-  cal  loads  much  less  than  the 

. ’Ak 

overpressures  applied  at 
Fig.  2.53  Arching  at  structure  supported  ground  surface  (Allgood 
on  footings  et  cl 1963 i  Gill  and 

AUgood,  1964). 

Design  of  the  footings  is  a  key  step  in  the  design  of  this  type  of 
buried  structure.  Use  of  narrow  footings  means  more  effective  flexibility, 
hence  more  arching  and  smaller  loads  reaching  the  structure,  and  thus  a 
more  economical  structure.  On  the  other  hand,  too  narrow  a  footing  may 
lead  to  intolerably  large  movements  of  the  structure.  The  design  of  foot¬ 
ings  hence  must  strike  an  optimum  balance  (Whitman  and  Luscher,  1965)* 
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Numerous  small-scale  tests  have  been  made  to  study  the  behavior  of 
footings  subjected  to  transient  loads  (for  a  summary,  See  Whitman  and 
Luscher,  1965).  Since  the  idea  is  to  permit  relatively  large  settlements 
(perhaps  as  much  as  6  in.),  complete  or  partial  shear  failures  develop  be¬ 
neath  the  footings  and  hence  shear  strength  is  the  most  important  parameter 
governing  response. 

2. 5 A  Vertical  Cylinder  (Silo).  This  type  of  structure  (fig.  2.46d) 
has  received  wide  usage  as  a  protective  housing  for  missiles.  Approaches 
used  in  designing  silos  are  discussed  by  Newmark  and  Haltiwanger  (1962). 
There  are  three  major  concerns  with  regard  to  design. 

First,  the  radially  applied  stresses,  both  static  ana  those  resulting 

from  surface  overpressure,  must  be  considered.  Since  silos  are  quite 

thick-walled,  little  if  any  positive  arching  occurs.  These  stresses  are 

hence  based  on  K  values  as  discussed  in  section  2.5.2. 
o 

Second,  since  the  surrounding  soil  generally  is  more  compressible  in 
the  vertical  direction  than  the  silo,  downward  drag  forces  upon  the  silo 
will  develop.  These  drag  forces  increase  the  vertical  stresses  for  which 
the  silo  walls  must  be  designed.  Evaluation  of  these  forces  is  similar  to 
the  evaluation  of  possible  wall  shear  forces  at  retaining  walls. 

Third,  because  the  dynamic  motions  of  the  surrounding  soil  vary  with 
depth,  silos  tend  to  bend  as  cantilever  beams .  The  result  is  a  very  com¬ 
plicated  problem  in  soil- structure  interaction,  in  which  the  deformation 
modulus  of  the  soil  plays  a  key  role.  Numerous  complicated  computer  pro¬ 
grams,  usually  based  upon  elastic  theory,  have  been  written  to  permit  anal¬ 
ysis  of  this  interaction,  but  practical  work  still  relies  heavily  upon 
rather  simple  and  intuitive  design  rules  to  guard  against  possible  adverse 
effects  of  this  interaction. 

2.5.5  Motions  of  Buried  Structures .  As  discussed  in  sections  2.5.1 
through  2.5.1+j  relative  motions  between  structure  and  soil  have  important 
influences  upon  the  loads  for  which  the  structures  must  be  designed.  The 
absolute  motions  of  buried  structures  are  also  important,  since  these 
motions  can  cause  damage  to  equipment  mounted  within  the  structure  or 
injury  to  personnel.  In  assessing  possible  damage  to  contents,  and  in  de¬ 
signing  shock  mountings  to  minimize  this  damage,  the  peak  acceleration  and 
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peak  particle  velocity  cf  the  structure  are  most  important.  Peak  displace¬ 
ment  is  important  in  providing  adequate  "rattle  space"  around  very  soft 
shock  mountings. 

In  most  analyses  of  the  effects  of  structural  motions,  the  absolute 
motions  of  the  structure  are  assumed  to  be  equal  to  the  free-field  motions 
of  the  surrounding  soil.  That  is,  the  relative  motions  are  neglected. 

In  part  this  assumption  stems  from  lack  of  knowledge  as  to  the  actual 
effect.  Differential  motion  of  the  structure  with  respect  to  the  surround¬ 
ing  soil  was  studied  by  Heller  (1965).  His  pilot  study  indicated  that 
"rigid"  inclusions,  regardless  of  their  density,  displaced  into  the  soil  in 
the  direction  of  the  propagating  soil  stress  wave.  More  rigid  structures 
(which  were  also  denser)  experienced  greater  differential  motions  than  less 
rigid  ones .  The  maximum  differential  displacement  between  a  stiff  inclu¬ 
sion  and  the  surrounding  soil  was  of  the  order  of  one-third  of  the  maximum 
absolute  displacement  of  the  inclusion.  While  tests  of  this  type  and  com¬ 
puterized  theoretical  studies  can  give  some  indication  of  the  difference 
between  free-field  and  structural  displacement,  it  is  much  more  difficult 
to  establish  differences  in  free-field  particle  velocity  and  acceleration, 
especially  for  nonrigid  structures.  Except  possibly  for  displacement,  the 
rule  that  structural  motion  equals  free-field  motion  generally  leads  to 
reasonable  and  satisfactory  designs. 

Design  of  shock  mountings  is  usually  based  upon  a  response  spectrum 
approach.  As  shown  in  fig.  2.5b,  a  spectrum  is  usually  constructed  by 
drawing  three  lines  at : 

(a)  A  spectral  displacement  equal  to  the  maximum  free-field 
displacement . 

(b)  A  spectral  velocity  1.5  times  the  maximum  free-field  particle 
velocity. 

(c)  A  spectral  acceleration  2  times  the  maximum  free-field 
acceleration. 

The  factors  of  1.5  and  2  take  into  consideration  the  amplification  of  tran¬ 
sient  base  motion  by  a  single-degree-of-freedom  spring-mass  system.  For 
the  spectrum  shown  in  fig.  2.5^,  a  component  with  a  natural  frequency  of 
30  cps  would  experience  an  absolute  acceleration  of  21  g's  and  a 
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i  FREQUENCY,  cps. 

i 

Fig.  2.54  Shock  response  spectrum  chart 

!  displacement  of  0.23  in.  relative  to  its  mounting  point.  The  above  rules 

for  determining  the  design  response  spectrum  were  specifically  developed 
for  superseismic  conditions . 

2.5*6  Requirements  for  Data  Regarding  Soil.  As  for  the  topics  con- 
>  sidered  in  sections  2.3  and  2.4,  there  is  a  great  need  to  study  the  impor- 

!  tant  features  of  soil-structure  interaction  using  computerized  theories 

1  -  ; 

which  can  handle  complex  geometries.  This  is  especially  true  for  compli¬ 
cated  soil-structure  systems  such  as  footing-supported  structures  and 

'i 

1  silos.  Much  can  be  done  using  linear  stress-strain  relations,  but  nonlin- 

j  ear  behavior  must  soon  be  considered  for  situations  such  as  footing  re-  « 

?|  sponse.  As  in  the  case  of  free-field  ground  motions,  very  general  informa- 

u 

■j  tion  concerning  the  qualitative  and  quantitative  behavior  of  soil  is  re- 

|  quired  for  these  studies.  The  most  important  parameters  are  shear  strength 

I  and  compressibility. 

I  The  requirements  for  specific  values  of  certain  soil  parameters  for 

use  in  engineering  design  are  summarized  in  table  2.7*  The  most  generally 
required  parameter  is  Kq  ,  the  coefficient  of  lateral  stress  at  rest. 
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Table  2.7 

Requirements  for  Data  on  Soil  Properties  In  Connection 
with  Soil-Structure  interaction 


Type  of  Structure 


Soil  Property  Required 


Horizontal  cylinder  Compressibility,  for  evaluation  of  arching 

K  ,  for  estimating  horizontal  stress  against  rigid 
structures 


Closed  rectangular  Compressibility,  for  evaluation  of  arching 
toX  Shear  strength  for  evaluation  of  arching 

K  ,  for  estimating  horizontal  stress 


Foot ing- support  ed 
structure 


Compressibility,  for  evaluation  of  arching  and  footing 
response 

Shear  strength,  for  evaluation  of  arching  and  footing 
response 

Kq  ,  for  estimating  horizontal  stress 


Vertical  cylinder  ,  for  estimating  horizontal  stress 

Shear  strength,  for  estimating  vertical  drag  forces 
Compressibility,  for  estimating  vertical  drag  forces 


Values  of  this  parameter  can  be  estimated  using  ordinary  soil  mechanics 
considerations,  keeping  in  mind  that  Ky  approaches  unity  for  fully  or 
nearly  saturated  soils  loaded  rapidly  enough  to  have  undrained  conditions. 
Compressibility  (or  modulus  of  deformation)  is  of  prime  importance  for 
evaluating  arching.  Shear  strength  is  used  extensively  in  the  evaluation 
of  arching,  although  the  writer  suspects  that  the  use  of  arching  theories 
is  overdone  since  large  zones  of  shear  failure  probably  develop  only  in 
extreme  cases  such  as  footing-supported  structures.  If  structures  are  to 
be  supported  on  footings,  static  plate  bearing  tests  should  be  conducted  at 
the  site  at  the  founding  depth  as  the  resulting  load-displacement  curves 
can  sometimes  be  related  to  the  dynamic  load-displacement  curve  of  interest 


by  using  the  ratio  of  dynamic  to  static  shear  strengths  of  the  soil  to 
adjust  the  plate  bearing  results. 


2.6  DIRECTLY  INDUCED  STREPS  WAVF° 


This  section  is  concerned  with  the  stress  waves  which  move  directly 
outward  along  radial  lines  from  the  point  of  the  explosion.  Stress  waves 
of  this  type  are  encountered  (a)  near  a  deeply  buried  explosion  which  pro¬ 
duces  a  cavity  but  does  not  vent  to  the  surface,  (b)  immediately  below  a 
near-surface  explosion  which  produces  a  crater,  and  (c)  at  near-surface 
points  very  close  to  the  edge  of  the  crater.  This  section  is  concerned 
with  the  free-field  stresses  and  ground  motions  associated  with  such  stress 
waves.  Section  2.7  discusses  briefly  the  problem  of  soil- structure  inter¬ 
action  involving  such  waves. 

When  considered  in  more  general  terms,  the  problem  of  directly  induced 
waves  becomes  quite  complicated.  If  the  properties  of  the  earth  vary  with 
depth,  these  waves  no  longer  move  simply  along  radial  lines.  Near  ground 
surface,  directly  induced  waves  and  surface  waves  originated  by  airblast 
become  almost  indistinguishable,  as  in  fig.  2.36.  Various  intuitive  tech¬ 
niques  have  been  evolved  to  estimate  the  effects  of  these  complexities,  but 
there  is  little  basis  for  faith  in  the  results. 

2.6.1  Basic  Phenomena.  Spherical  wave  propagation  from  a  cavity  is  a 
one -dimensional  problem,  in  that  only  one  coordinate  (the  radius)  and  one 
displacement  (radial  motion)  are  needed  to  describe  the  problem.  However, 
spherical  wave  propagation  differs  significantly  from  the  true  one¬ 
dimensional  form  of  wave  propagation  discussed  in  section  2.4.  These  dif¬ 


ferences  arise  from  two  considera¬ 
tions  indicated  in  fig.  2 . 55 • 

(a)  The  surface  area  encom¬ 
passed  by  a  spherical  wave 
front  increases  with  the 


R  U 

Fig.  2.55  Movement  and  deformation 
of  an  element  of  soil  behind  spher¬ 
ical  wave  front 


distance  traveled. 

(b)  Outward  motions  give  rise 
to  circumferential  strains. 
If  a  point  at  radius  R 


moves  outward  by  an  amount  u  ,  the  circumferential  strain  will 
be  tensile  and  equal  to  u/r  .  Right  at  the  wave  front  where  the 
motion  is  still  zero,  the  circumferential  stress  will  be  equal  to 


the  coefficient  of  lateral  stress  at  rest,  Kq  ,  times  the  radial 


stress.  However,  as  soon  as  the  point  begins  to  move,  the  cir¬ 
cumferential  stress  will  decrease  and  will  even  become  tensile 
(see  fig.  2.56). 

Even  for  an  elastic  material,  these  two  effects  combine  to  cause  attenua¬ 
tion  of  peak  stress  with  distance  and  smoothing  out  of  an  initially  sharp 
wave  front  together 
with  broadening  of 
the  stress  pulse. 

Because  the  differ¬ 
ence  between  the 
radial  and  circum¬ 
ferential  stresses 
may  become  quite 
large,  the  material 
may  fail  in  shear 
and  either  crack  or 
flow  plastically. 

Such  a  failure  will 
cause  increased  at¬ 
tenuation  of  stress 
and  smoothing  of  the 
stress  wave,  as 
illustrated  in 
fig.  2.57. 

Despite  the 
apparent  simplicity 
of  the  pattern  of 
spherical  waves 
emerging  from  a  cav¬ 
ity,  the  situation 


CAVITY  RADIUS:  207.8  FT 
E  =  1000  KSI 


Fig"  2.?6  Stresses  caused  by  pressure  in 
spherical  cavit”  within  an  elastic  body 
(from  Ang  and  Ranier,  1964) 


•7*7 


Fig.  2.57  Effect  of  yield  strength  on  stresses 
caused  by  pressure  within  a  spherical  cavity 
(from  Ang  and  Ranier,  19b 5) 


still  is  complex 
mathematically.  Even 
for  an  elastic  mate¬ 
rial,  the  rate  of 
attenuation  of  motion 
is  not  constant  with 
distance .  For  ex¬ 
ample,  peak  radial 
particle  velocity 

p 

varies  as  i/r  near 
the  cavity  but  as 
l/R  at  great  dis¬ 
tances  from  the  cav¬ 
ity.  Attempts  to  in¬ 
corporate  limited 
shear  strength,  or 
other  realistic  soil 
oi'  rock  properties, 
into  calculations 
immediately  add 
greater  complexities. 
Any  completely  satis¬ 
factory  calculation 
must  start  with  the 
hydrodynamic  range 
and  work  outward  into 
the  region  where  the 


shear  strength  of  the  soil  is  of  significance.  The  assumed  stress-strain 
and  failure  relations  will  have  a  considerable  influence  on  the  predicted 
results . 

More  calculations,  using  a  variety  of  reasonable  assumptions  as  to 
stress-strain  behavior  and  with  a  range  of  values  for  the  key  parameters, 
should  be  carried  out  to  increase  our  knowledge  as  to  the  possible  and 
probable  behavior  of  directly  induced  stress  waves.  An  example  of 
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calculations  which  have  already 

provided  useful  insights  is  ,9*p — rTTrrm| - 1 — r  T""!  r 

given  by  Ang  and  Ranier  (1965),  -  \  - 

using  an  elastoplastic  model  ■  T 

with  a  fixed  yield  point.  '  4 

Other  studies,  which  the  ,0* f  \  " 

writer  has  not  examined,  have  -  1  n 

very  recently  been  completed.  \  1 

2.6.2  Prediction  *  \ 

i  .3  L 

Methods .  The  various  theories  2  r  I  * 

<  J* 

mentioned  above  generally  are  gj  - 

-I  ‘  COMPOSITE  CURVE 

too  complex  for  practical  pre-  o'  1 

u  i  p 

dictions  of  ground  motions  and  <  *  \  \U 

<  102  -  \ 

stresses.  Hence,  simple  pre-  o  :  1  : 

4  ;  *y » 

diction  methods  have  been  de-  “  -  v  ‘ 

<  V*  • 

veloped,  using  the  results  of  £  ‘  w\_ . 

theories  to  guide  the  form  of  >-  \? 

5  i° .  A* 

equations  and  field  results  to  5  :  : 

U.  \ 

give  numerical  coefficients.  u.  -  \ 

o  •  K  ’ 

A  comprehensive  survey  of  o  \  ri 

......  ....  '  LEGEND  \  M 

data,  including  relatively  re-  -  \*  ’ 

cent  data,  is  given  by  Sauer  F  #  SALT  ,  0  \ 

(1964)  in  Part  IV  of  NUCLEAR  7  *  granite  1.3  \  : 

O  TUFF  14  \  ' 

GECPLOSICS .  Fig*  2.96  gives  ^  alluvium  102  X 

a  chart  for  peak  radial  ac-  ' 

0.10  I - 1 - 1 — t  Lull - 1-  -  1-  L  X.I  1  .it  .  .1 - luluu 

celeration.  Table  2.6  gives  0_,  ,0  ,0  , 

an  equation  and  coefficients  slant  range,  102  ft/kt,/3 

for  peak  radial  velocity.  »  r-o  „  , .  ,  . 

Fig.  2.96  Chart  for  prediction  of 

Fig.  2.59  gives  curves,  peak  radial  acceleration  (from 

.  .  ......  -  NUCLEAR  GECPLOSICS ,  Part  IV ) 

based  on  elastic  theory,  for  5  ' 

predicting  peak  displacement.  The  predictions  obtained  using  this  latter 
figure  are  described  as  upper  bounds.  The  user  of  these  curves  and  equa¬ 
tions  must  judge  for  himself  how  the  soil  or  rock  with  whicn  he  is  dealing 
compares  with  the  four  materials  for  which  results  are  given. 


LEGEND 


ALLUVIUM 


SLANT  RANGE,  10  FT/KT 


Fig.  2.58  Chart  for  prediction  of 
peak  radial  acceleration  (from 
NUCLEAR  GECPLOSICS,  Part  IV ) 


PEAK  RADIAL  DISPLACEMENT.  CM/KT 


Newmark  and  Haltiwanger  (19 62)  give  the  following  equations  for  pre¬ 
dicting  direct-induced  ground  motions: 

L  2 


a  =  0.86  g 
r  •  0 


( JL_V/6  /loop  ft^3^  /  CD  ^ 

\1  Mt/  \  R  /  \1000  fps/ 


/_w_\5/6  fiooon\2-5  f  cd  \ 

"  °*^5  \1  Mt/  \  R  /  \i000  fps/ 

.  ,  o  .  /  w  \5/6  /iooo\1,5 

dr  =  3‘8  in’  \lMtj  [IT) 


(2.1 6) 

(2.17) 

(2.18) 


wnere 


=  peak  radial  acceleration,  g's 
V/  =  weapon  yield,  Mt 
R  =  radius  to  point,  ft. 

=  seismic  dilatational  velocity,  fps 
v^  =  peak  radial  particle  velocity,  fps 
d^  =  peak  radial  displacement,  in. 


These  equations  contain  a  numerical  factor,  the  seismic  velocity,  which 
accounts  for  the  type  of  soil  or  rock.  The  trends  which  result  from  vary¬ 
ing  this  factor  are  similar  but  not  identical  to  those  indicated  by  Sauer's 
factors.  Note  that  the  motions  are  smallest  in  the  more  compressible  mate¬ 
rials;  i.r.  the  greater  attenuation  more  than  offsets  the  greater  compres¬ 
sibility.  The  use  of  seismic  velocity  does  not  imply  that  the  soil  or  rock 
is  elastic  under  the  large  stresses  involved  in  such  waves.  However,  at 
the  time  of  this  writing,  use  of  seismic  velocity  plus  the  numerical  coef¬ 
ficients  in  the  equations  provides  the  best  method  for  accounting  for  the 
combined  elastic  and  plastic  action  of  various  soils. 

Theoretically,  directly  induced  waves  should  not  cause  tangential 
motions.  In  actuality,  such  motions  occur  because  of  the  heterogeneous 
nature  of  actual  earth. 

No  simple,  proven  prediction  methods  are  available  for  radial  stress, 
primarily  because  there  have  been  essentially  no  satisfactory  measurements 
of  actual  stresses.  Peak  radial  stress  may  be  estimated  as  pCpvr  >  where 
p  is  the  mass  density. 


81 


As  an  example  of  the  prediction  techniques,  let  us  estimate  the  mo¬ 
tions  at  a  depth  of  1200  ft  below  a  20-Mt  surface  burst,  in  a  rock  with  a 
seismic  velocity  of  10,000  fps.  Referring  to  section  2.2,  we  see  that  this 
depth  is  somewhat  over  twice  the  depth  of  the  apparent  crater.  The  mass 

O 

density  may  be  taken  as  4.7  slugs/ft  .  The  predicted  peak  radial  motions 
and  stresses  are: 

ar  =  0.36(20)5//6(0.83)3‘5(lO)2  =  2300  g's 
vr  *  0.95(12. 2)(0.635)(10)  =  73*5  fps 
dr  =  3.8(12.2) (0.76)  =  35  in. 

Radial  stress  =  (4.7) (10,000) (73 .5)  =  3,500,000  psf 
Radial  strain  =  73-5/10,000  =  0.77' 

If  the  seismic  velocity  were  2000  fps,  the  acceleration,  particle  velocity, 
and  stress  would  be  reduced,  while  the  displacement  and  strain  would  remain 
unchanged . 

2.6.3  Requirements  for  Data  Regarding  Soil.  As  with  all  of  the  other 
aspects  of  nuclear  weapons  effects  which  have  already  been  discussed,  there 
is  need  for  mathematical  models  for  stress-strain  behavior  and  for  ranges 
of  values  of  the  parameters  involved  in  these  models .  These  models  and 
parameters  should  first  be  used  in  calculations  aimed  at  elucidating  the 
general  features  of  directly  induced  stress  waves,  and  then,  after  verifi¬ 
cation  by  field  experience,  they  may  become  useful  for  actual  predictions. 
Snear  strength  is  of  particular  importance  for  study  of  this  type  of  stress 
wave,  in  addition,  of  course,  to  compressibility.  Shear  failure  during 
passage  of  the  wave  may  well  account  for  most  of  the  apparent  damping  at 
close-in  points.  At  greater  distance,  it  will  be  necessary  to  consider 
hysteretic  damping. 

The  one  type  of  data  which  is  useful  for  the  simple  prediction  tech¬ 
niques  is  the  dilatational  seismic  wave  velocity. 

2.7  SOIL-STRUCTURE  INTERACTION  WITH  DIRECTLY  INDUCED  STRESS  WAVES 

As  the  numerical  example  in  section  2.6  shows,  any  structure  which  is 
to  survive  and  function  near  a  crater  must  withstand  a  very  severe 
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environment.  Fig.  2.60  shows  a 
suggested  design  concept  for  such 
structures.  The  soft  backpack¬ 
ing,  which  might  be  a  plastic 
foam  or  foamed,  lightweight  con¬ 
crete,  reduces  the  acceleration, 
particle  velocity,  and  stress 
reaching  the  structure  and  ab¬ 
sorbs  any  relative  displacement 
between  the  earth  and  the 
structure. *  The  earth  around 
the  cavity  containing  the  struc¬ 
ture  must  be  able  to  sustain  the 
large  free-field  stresses  without  crushing  the  cavity.  Hence  structures 
must  be  located  in  rock,  and  the  major  problems  are  ones  of  rock  mechanics 
rather  than  soil  mechanics .  The  concentration  of  stress  at  the  boundary  of 
the  cavity  and  the  compressive  strength  of  the  rock  become  crucial  factors. 
The  backpacking  also  serves  to  absorb  the  kinetic  energy  of  pieces  of  rock 
which  spall  or  are  squeezed  from  the  cavity  wall. 

The  degree  of  stress  concentration  at  the  cavity  walls  has  been  in¬ 
vestigated  extensively  (Baron  et  al.,  I960;  Baron  and  Parnes,  1961).  For¬ 
tunately,  the  stress  concentration  during  passage  of  a  stress  wave  is  only 
about  10$  greater  than  the  stress  concentration  in  a  static  stress  field. 

2.8  SUMMARY  OF  SOIL  DATA  REQUIREMENTS 

As  has  repeatedly  been  suggested  in  this  chapter,  requirements  for 
soil  data  in  connection  with  weapons  effects  studies  and  protective  con¬ 
struction  design  should  be  divided  into  two  categories. 

On  the  one  hand,  models  for  stress-strain  behavior  and  numerical  val¬ 
ues  for  the  pertinent  parameters  of  these  models  arc  required  for  theoreti¬ 
cal  analyses  which  study  the  effects  of  ooundary  conditions  and  soil 

*  Large  attenuation  will  occur  provided  practical  means  are  employed  to 
keep  soft  backpacking  material  from  becoming  saturated  with  groundwater 
after  installation. 
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Fig.  2.60  Structural  concept  for 
regions  of  extremely  large  stress 


83 


properties  upon  the  magnitude  and  time  history  of  free-field  ground  motion 
and  structural  response.  Because  of  uncertainties  regarding  the  assump¬ 
tions  and  soil  properties,  the  results  of  any  single  theoretical  analysis 
should  not,  at  least  at  the  present,  be  relied  upon  for  design  purposes. 
Rather,  there  should  always  be  a  series  of  computer  runs  using  input  which 
brackets  the  range  of  uncertainty  regarding  the  assumptions  and  soil  prop¬ 
erties.  Reasonable  stress-stiain  models  are  discussed  in  section  2.8.1. 
Evaluation  of  parameters  for  use  in  design  studies  should  be  attempted  only 
by  experienced  soil  engineers  working  in  close  collaboration  with  the 
developers  of  the  computer  codes. 

On  the  other  hand,  specific  values  of  certain  soil  parameters  are  re¬ 
quired  for  the  simple  rules  of  analysis  which  are  currently  in  use  and 
which,  with  suitable  updating  and  improvement,  should  continue  to  be  used 
at  least  for  preliminary  analysis  and  design.  Such  rules  must  permit  the 
user  to  understand  clearly  the  link  between  assumption  and  result,  so  that 
he  can  use  his  judgment  and  experience  in  assessing  the  probable  accuracy 
of  the  result.  The  procedures  should  also  be  adequately  based  upon  actual 
field  observations,  and  should  represent  only  a  modest  extrapolation  of 
that  which  is  already  known  through  experience.  Examples  of  such  pro¬ 
cedures  have  been  provided  in  the  several  sections  of  this  chapter.  The 
requirements  concerning  specific  values  of  parameters  are  summarized  in 
section  2.8.2. 

Finally,  it  must  be  mentioned  that  the  routine  soil  investigations 
required  for  any  construction  upon  or  in  soil  must  also  be  made  in  connec¬ 
tion  with  protective  construction.  Such  investigations  include  standard 
penetration  tests  and  determinations  of  grain  size  characteristics,  water 
content,  and  Atterberg  limits.  At  a  minimum,  such  information  is  required 
to  permit  economical  design  against  the  purely  static  aspects  of 
construction. 

2.8.1  Stress-Strain  Relations  in  General  Terms. 

Behavior  in  compression:  The  compression  curves  in  fig.  2.61  repre¬ 
sent  the  writer's  ideas  of  the  important  general  features  of  the  stress- 
strain  behavior  in  undrained  compression.  These  features  are:  (a)  ini¬ 
tially  the  curve  is  coi cave  to  the  strain  axis;  (b)  finally  the  curve  is 
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concave  to  the  stress  axis;  (c)  one 
cycle  of  loading  and  unloading  leads 
to  a  residual  strain  and  is  accom¬ 
panied  by  an  energy  loss;  (d)  sub¬ 
sequent  cycles  of  loading  and  un¬ 
loading  produce  similar  curves, 
although  the  additional  residual 
strain  and  energy  loss  associated 
with  each  cycle  gradually  decrease 
with  successive  cycles ;  and 
(e )  after  many  cycles  of  loading 
and  unloading,  an  essentially  stable 
hysteresis  loop  is  developed. 

These  concepts  concerning  compression  behavior  have  come  primarily 
from  one-dimensional  compression  tests  but  are  equally  applicable  to  a 
state  of  hydrostatic  compression.  Even  when  no  shear  stresses  are  present, 
soil  will  generally  be  anisotropic;  that  is,  application  of  hydrostatic 
stress  will  not  cause  equal  strains  in  all  directions.  The  presence  of 
initial  shear  stresses  will  lead  to  additional  anisotropic  behavior.  The 
possible  importance  of  this  anisotropic  behavior  in  stress  analysis  prob¬ 
lems  has  received  little  study.  Although  there  is  little  quantitative  data 
on  the  possible  and  probable  amounts  of  anisotropy,  this  effect  should  be 
included  in  some  analyses  for  comparative  purposes.  For  most  theoretical 
analyses,  at  the  present  time  at  least,  it  should  suffice  to  assume  that 
soil  is  isotropic  in  pure  compression.  If  isotropy  is  assumed,  the  curves 
in  fig.  2.61  relate  any  normal  stress  change  to  the  corresponding  linear 
strain  change  or  the  average  normal  stress  change  to  the  volume  change. 

lehavior  in  shear:  The  two  diagrams  in  fig.  2.62  show  the  essential 
general  features  of  the  undrained  response  of  soil  to  the  application  of 
shear  stresses. 

The  essential  features  of  the  behavior  in  shear  are:  (a)  the  curves 
for  loading  are  concave  to  the  strain  axis  almost  from  the  very  beginning 
of  loading;  (b)  there  is  a  limit  beyond  which  the  shear  stress  cannot  in¬ 
crease;  (c)  the  limiting  shear  stress  is  readied  at  a  strain  much  larger 


Fig.  2.61  Typical  stress-strain 
curves  in  hydrostatic  or  con- 
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FOR  SOFT  SOILS,  HAY  BE  A 
‘  VOLUME  DECREASE 


increase  than  the  strain  obtained  by  project- 

ing  the  initial  tangent  up  to  the 
level  of  the  limiting  shear  stress; 
y  (d)  a  change  in  volume,  generally  a 
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Fig.  2.62  Typical  stress-strain  teresis  loop  is  developed  after  many 

and  volume  change  curves  in  shear  ,  _  ,  ,, ,  „ 

cycles  of  loading;  (h)  for  greater 

shear  stress  levels,  a  considerable  residual  strain  occurs  for  each  cycle 

of  loading,  regardless  of  how  many  cycles  are  applied;  and  (i)  the  volume 

of  the  soil  generally  increases  as  shear  stresses  are  increased  and  de- 
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Fig.  2.62  Typical  stress-strain 
and  volume  change  curves  in  shear 


creases  as  shear  stresses  are  decreased. 


The  foregoing  concepts  concerning  shear  behavior  have  come  mainly  from 
triaxial  compression  tests  involving  a  change  in  average  normal  stress  as 
well  as  a  change  in  shear  stress.  However,  these  concepts  are  applicable 
to  a  stress  state  involving  change  only  in  the  shear  stress. 

The  proper  way  to  formulate  the  stress-strain  behavior  of  soil  for 
three-dimensional  shear  is  not  at  all  clear.  In  the  first  place,  there  is 
no  general  agreement  on  whether  the  state  of  limiting  shear  is  controlled 
by  a  Mises,  Trtsca,  or  some  other  failure  criterion.  If  the  magnitude  of 
the  shear  stress  in  the  x-y  plane  affects  the  maximum  shear  stress  that  can 
be  applied  in  the  y-z  plane,  it  is  reasonable  to  expect  that  the  shear 
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strain  in  the  y-z  plane  prior  to  failure  will  be  influenced  by  the  shear 
stress  present  in  the  x-y  plane.  However,  there  appears  to  be  almost  no 
information  which  can  be  used  to  formulate  an  appropriate  stress-strain 
rule  for  three  dimensions.  Fortunately,  there  are  a  host  of  two- 
dimensional  problems  that  need  solving  before  it  really  becomes  essential 
to  consider  three- dimensional  effects.  While  it  is  essential  to  formulate 
problems  in  three  dimensions,  it  is  appropriate  at  this  time  to  adopt  a 
simple  form  of  stress-strain  rule. 

Time  effects :  Since  the  stress-strain  behavior  of  soil  is  definitely 
time -dependent,  it  is  somewhat  meaningless  to  indicate  a  typical  shape  for 
a  stress-strain  curve.  However,  the  available  evidence  suggests  that  time 
effects  are  "relatively  unimportant"  in  dynamic  problems  as  long  as  the 
rise  time  and  duration  of  the  applied  stress  are  between  5  msec  and  about 
5  sec.  To  illustrate  what  is  meant  by  "relatively  unimportant , "  imagine, 
a  stress  pulse  with  a  duration  of  1  sec.  The  stress-strain  curve  for  soil 
in  response  to  this  stress  pulse  would  be  substantially  the  same  whether 
the  rise  time  to  peak  stress  is  5  or  20  msec. 

There  is  evidence  to  indicate  that  time  effects  become  very  important 
when  the  duration  of  the  stress  pulse  drops  to  about  1  msec  or  less.  It  is 
also  true  that  stress-strain  curves  will  often  be  quantitatively  quite  dif¬ 
ferent  for  5-msec  rise  times  than  those  for  5-min  rise  times.  In  some 
problems  time  effects  can  be  ignored,  but  in  others  they  must  be  consid¬ 
ered.  The  possible  importance  of  time  effects  needs  more  study  for 
specific  situations. 

Need  for  simplification:  The  stress-strain  patterns  in  figs.  2.61  and 
2.62  are  enormously  complicated.  The  problem  becomes  even  worse  when  one 
attempts  to  express  the  curves  in  quantitative  form,  since  for  example  the 
magnitude  of  the  tangent  shear  modulus  depends  upon  the  magnitude  of  the 
average  normal  stress.  Simplifications  of  these  relations  are  necessary 
for  any  theoretical  calculation.  The  type  of  simplification  that  is  ac¬ 
ceptable  depends  upon  the  particular  problem  at  hand.  Possible  simplifica¬ 
tions  are  discussed  in  the  following  sections. 

This  discussion  will  for  convenience  be  divided  into  three  rather 
arbitrary  subsections:  (a)  simple  dynamic  problems  in  which  wave 


propagation  effects  are  neglected;  (b)  wave  propagation  problems  involving 
consideration  of  stresses,  particle  displacements,  and  particle  velocities; 
and  (c)  wave  propagation  problems  involving  consideration  of  particle 
accelerations . 

Simple  dynamic  problems:  A  problem  falls  into  this  category  when  the 
mass  of  the  soil  is  considered  to  be  concentrated  at  a  point  rather  than  to 
be  distributed.  Foundation  vibration  problems  are  often  treated  this  way, 
although  it  is  now  known  that  it  is  important  to  consider  wave  propagation 
effects  in  analyses  of  such  problems.  Examples  of  problems  which  may  prof¬ 
itably  be  studied  as  simple  dynamic  problems  are:  (a)  magnitude  of  punch¬ 
ing  motion  by  a  footing  during  transient  loading;  and  (b)  magnitude  of 
slope  movement  during  transient  or  repeated  loading.  The  key  question  in¬ 
volved  in  these  examples  is :  how  far  can  the  soil  move  as  the  result  of 
plastic  deformation  during  a  limited  interval  of  time?  Generally,  it  suf¬ 
fices  to  know  whether  this  motion  is  very  small  or  very  large. 

For  such  problems,  it  is  generally  appropriate  to  consider  the  soil  as 
being  rigid  in  compression  and  rigid-plastic  in  shear.  If  the  problem  in¬ 
volves  a  saturated  clay  or  a  loose  saturated  sand,  the  yield  shear  stress 
will  be  a  fixed  quantity.  For  dense  sands  and  for  all  partly  saturated  or 
dry  soils,  it  will  be  necessary  to  allow  the  yield  stress  to  vary  with  time 
as  the  normal  stress  varies.  The  relation  between  normal  stress  and  shear 
stress  can  be  represented  by 


t  =  c  +  o  tan  <p 
max 

where  c  and  0  are  evaluated  for  undrained  shear  conditions.  Volume 
changes  caused  by  shear  can  with  reason  be  neglected  in  such  relatively 
crude  analyses . 

In  some  problems,  it  may  be  necessary  to  consider  the  strains  which 
occur  before  peak  shear  resistance  is  developed.  Such  problems  arise  when 
the  allowable  limit  on  motions  is  rather  small,  and  when  the  stress-strain 
curve  for  snear  shows  a  pronounced  peak.  In  these  special  cases,  it  will 
generally  be  necessary  to  preserve  the  essential  features  of  the  stress- 
strain  curves,  as  indicated  in  fig.  2.63.  However,  it  is  likely  that  wave 
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propagation  effects  will  also  be  im¬ 
portant  in  such  problems. 

Although  the  ultimate  shear  re¬ 
sistance  of  a  soil  is  certainly  de¬ 
pendent  upon  strain  rate,  it  is 
doubtful  that  it  is  important  to  con¬ 
sider  the  rate  effect  when  analyzing 
simple  dynamic  problems .  A  yield 
strength  (or  stress-strain  curve)  ap¬ 
propriate  for  the  typical  rate  of 
shearing  involved  in  the  problem 
should  be  selected,  but  otherwise  the 
time  effects  may  be  ignored. 

Wave  propagation;  stresses,  dis¬ 
placements,  and  velocities:  Tnis  section  considers  a  group  of  problems  for 
which  it  is  not  essential  to  describe  the  change  of  the  wave  front  with 
distance;  i.e.,  where  emphasis  is  upon  attenuation  of  peak  stresses, 
lengthening  of  the  duration  of  the  stress  pulse,  etc.  In  such  problems;  it 

is  essential  to  consider  the  energy 


Fig.  2.63  Stress-strain  relations 
for  dynamic  stability  problems 
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Fig.  2.64  Simplified  stress-strain 
relations  for  wave  propagation  prob¬ 
lems  involving  stresses,  displace¬ 
ments,  and  velocities 


loss  which  occurs  during  a  cycle  of 
loading  and  unloading. 

For  many  dynamic  problems,  this 
energy  loss  can  best  be  taken  into 
account  by  using  time-independent, 
irreversible  stress-strain  curves 
(see  fig.  2.64).  If  the  loading  in¬ 
volves  a  significant  component  having 
a  period  of  less  than  a  millisecond, 
it  may  well  be  necessary  to  include 
time-dependency. 

As  usual,  the  complexity  of  the 
stress-strain  curve  will  depend  upon 
the  level  of  sophistication  involved 
in  the  problem.  The  various  parts  of 
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fig.  2.64  illustrate  the  evolution  of  increasingly  complex  relations.  The 
simple  relations  shown  in  part  (a)  may  be  useful  for  first  analyses,  but 
the  degree  of  complexity  illustrated  in  part  (b)  will  probably  be  necessary 
wherever  large  shearing  stresses  are  possible.  If  the  loading  is  repeated 
many  times  (as  in  foundation  vibration  problems),  a  stable  hysteresis  loon 
must  be  used  (see  part  (d)). 

Wave  propagation;  accelerations:  Change  of  peak  particle  acceleration 
with  distance  is  determined  largely  by  changes  in  the  form  and  sharpness  of 

the  wave  front.  Not  much  is  really  known 
concerning  the  factors  which  influence  the 
evolution  of  the  wave  front,  but  certainly 
the  exact  form  of  the  stress-strain  curve 
is  important.  Fig.  2.65  illustrates  the 
stress-strain  features  that  need  to  be  con¬ 
sidered.  The  initial  downward  concavity  of 
the  stress-strain  curve  in  compression  is 
important  with  regard  to  the  question  as  to 
whether  true  shock  waves  occur  in  soil.  If  time-dependent  effects  are 
thought  to  be  important,  a  nonlinear  stress-strain  relation  should  be  used 
for  the  "spring"  portion  of  any  rheological  model. 

2.8.2  Specific  Values  of  Certain  Soil  Parameters .  The  single  most 
important  soil  parameter  controlling  protective  construction  design  is 
dynamic  compr es sibility ,  i.e.,  the  ratio  of  strain  to  stress  during  con¬ 
fined  compression.  Compressibility  determines  the  magnitude  of  the  ground 
motions  at  a  given  distance  from  the  explosion,  and  its  magnitude  in  rela¬ 
tion  to  structural  flexibility  determines  the  degree  of  arching  around  a 
structure  and  whether  this  arching  is  beneficial  or  unfavorable.  Proce¬ 
dures  for  evaluation  of  dynamic  compressibility  are  presented  in  Chapter  4. 

The  next  most  important  parameter  is  dynamic  shear  strength.  Shear 
strength  is  used  to  evaluate  the  arching  which  can  occur  over  very  flexible 
buried  structures,  box  structures  with  flexible,  ductile  roofs,  and  struc¬ 
tures  supported  on  footings.  Dynamic  shear  strength  is  also  invaluable  in 
the  evaluation  of  footing  behavior  at  a  given  site,  although  this  evalua¬ 
tion  should  be  based  primarily  upon  load  bearing  tests  made  at  the  site. 


Fig.  2.65  Stress-strain  re¬ 
lations  for  wave  propagation 
problems  involving  develop¬ 
ment  of  wave  front 
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Procedures  for  evaluation  of  dynamic  shear  strength  are  presented  in 
Chapter  3. 

The  seisnic  dilatational  wa/e  velocity  appears  in  many  of  the 
simple  prediction  procedures  presented  in  this  chapter.  This  is  primarily 
because  is  the  easiest  to  measure  of  aJ.l  soil  parameters.  Moreover, 
for  some  materials  (including  some  earth  materials),  is  a  useful  meas¬ 
ure  of  dynamic  compressibility  which,  as  noted  above,  is  really  the  key 
parameter .  Hence  it  becomes  very  important  t  j  understand  the  relation 
between  wave  velocity  and  stress-strain  behavior.  This  relation  is  dis¬ 
cussed  in  Chapter  5* 
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3.1  I NTRODU  CT 1 0 1! 

This  chapter  deals  with  the  strength  of  soils  during  a  single  rapid 
loading.  Techniques  used  to  measure  this  strength  are  described,  and  rela¬ 
tions  are  presented  which  may  be  used  to  estimate  the  strength  available 
during  a  rapid  loading  from  the  strength  at  ordinary  rates  of  loading, 

3.1.1  Definitions .  There  are  two  general  types  of  tests  which  are 
used  in  the  laboratory  to  study  the  strength  characteristics  of  soils: 
tests  with  controlled  strain  and  tests  with  controlled  stress. 

Tests  with  controlled  strain: 

In  this  type  of  test,  a  specimen  is 
subjected  to  a  preestablished  pat¬ 
tern  of  deformation.  For  example,  a 
cylindrical  specimen  may  be  com¬ 
pressed  axially  with  a  preestab¬ 
lished  rate  of  axial  strain.  This 
strain  causes  resisting  stresses  to 
develop,  and  by  measuring  these 
stresses  a  stress-strain  curve,  such 
as  those  shown  in  fig.  3«1>  can  be  determined. 

The  peak  ordinate  of  such  a  stress-strain  curve  is  usually  defined  as 
the  strength  of  the  specimen.  If  the  curve  lias  no  peak  but  continues  to 
rise  slowly  as  the  strain  increases  (fig.  3-lb),  the  stress  at  some  arbi¬ 
trarily  selected  strain,  such  as  20%  strain,  is  taken  as  a  measure  of  the 
strength. 

By  running  tests  using  several  rates  of  axial  deformation,  the  effect 
of  strain  rate  on  strength  can  be  established.  Fig.  3.2  shows  values  of 
strength  measured  at  several  different  rates  of  strain.  The  phrase  strain- 
rate  effect  is  used  either  in  a  quantitative  or  in  a  qualitative  sense. 
Qualitatively,  the  phrase  denotes  any  tendency  for  the  strength  of  a  soil 
to  change  as  the  strain  rate  changes.  By  relating  the  strength  at  one 
strain  rate  to  the  strength  at  some  other  strain  rate,  strain-rate  effect 
can  be  expressed  quantitatively. 


Fig.  3«1  Stress-strain  curves  from 
controlled-strain  tests 
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TIME  TO  1%  STRAIN,  seconds 

Fig.  3-5  Strain-rate  effect  for  saturated, 
normally  consolidated  fat  clay 

Tests  vat:,  controlled  stress:  Tn  this  type  of  test,  a  specimen  is 
subjected  to  a  preest&blishe.  1  time  history  of  stress.  For  example,  a  cy¬ 
lindrical  specimen  may  be  stressed  axially  with  the  stress-time  patterns 
shown  in  figs.  3.3a  and  3«3b.*  This  stress  causes  strains  to  develop  as  a 
function  of  time.  The  figures  show  two  typical  resulting  strain-time  pat¬ 
terns.  It  is  also  possible  to  plot  the  stress  at  any  time  versus  the  re¬ 
sultant  strain  at  that  time,  so  as  to  give  a  form  of  stress-strain  cui-ve 
(see  fig.  3-3c).  Another  way  to  form  a  stress-strain  relation  is  to  plot 
the  peak  stress  applied  during  a  particular  test  versus  the  peak  strain 
occurring  in  that  test,  as  in  fig.  3 .3d.  This  latter  form  of  plot  leads 
to  the  definition  of  strength,  shown  in  the  plot. 

The  value  of  strength  obtained  in  this  way,  of  course,  applies  oily 
for  the  particular  stress-time  history  used  for  the  tests.  More  typically, 


v  The  results  shown  in  this  figur  .  are  Hypothetical  and  are  based  on  the 
behavior  observed  during  plate  bearing  vests  using  pulse  loadings.  The 
IJ.  S.  Navy  Civil  Engineering  Laboratory  has  conducted  a  few  triaxial 
tests  on  sand  using  controlled  stress  loadings,  and  found  that  specimens 
either  failed  immediately  or  did  not  fail  at  all,  depending  upon  the 
ratio  of  the  peak  applied  stress  to  the  static  strength. 
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APPLIED  STftCftS  ANO  RESULTING  STRAIN 


TIME  TIME 


a.  '  -AK  APPLIED  b.  PEAK  APPLIED 

STRESS  MUCH  STRESS  ABOUT 

GREATER  THAN  EQUAL  TO 

STATIC  STRENGTH  STATIC  STRENGTH 


we  wish  to  know  now  strength  will 
vary  with  the  duration  of  the  load. 
One  convenient  way  to  establish  this 
relation  is  to  use  a  step  loading  in 
which  the  applied  stress  is  rapidly 
increased  to  a  preestablished  value 
and  then  held  at  this  value  until 
either  the  specimen  fails  or  until 
it  is  apparent  that  the  specimen  is 
not  going  to  fail.  Fig.  3»^  gives 
the  typical  results  obtained  from  a 
series  of  experiments  of  this  type.' 


PEAK  RESULTING  STRAIN 

d.  DATA  FROM  MANY  TESTS 
INCLUDING  THOSE  SHOWN  ABOVE 


TIME  TO  FAILURE 


c.  DATA  FROM  MANY  TESTS 
INCLUDING  THOSE  SHOWN  ABOVE 


Fig.  3*3  Results  from  controlled-  Fig.  3 Results  from  controlled- 
stress  tests  with  pulse  loading  stress  tests  with  step  loading 


Tne  time  interval  from  the  onset  of  loading  until  the  specimen  collapses  is 
called  the  time  to  failure .  If  a  collapse  does  occur  under  a  given  applied 
stress,  this  stress  becomes  the  strength  for  the  observed  time  to  failure. 
Using  controlled-stress  tests  to  establish  a  strength-time  relation 


*  While  the  results  shown  in  fig.  3*^  are  hypothetical,  this  type  of  re¬ 
sult  has  been  obtained  when  studying  time  effects  during  tests  lasting 
many  days;  for  example,  see  Casagrande  and  Wilson  (1951). 


is  a  rather  uncertain  procedure.  If  the  applied  load  is  too  small,  no 
failure  results.  If  the  applied  load  is  too  large,  failure  develops  so 
quickly  that  the  results  have  little  meaning.  Generally,  many  tests  are 
necessary  in  order  to  define  the  desired  relation. 


Relation  between  results  .from  controlled-strain  and  controlled-stress 
tests :  The  quantity  time  to  failure  is  the  basis  for  relating  the  results 


from  the  two  types  of 
tests,  although  this  re¬ 
lation  can  only  be  ap¬ 
proximate  .  For  the 
controlled-strain  test, 


10*  I04  IO*  »*  10  I  0.1  IO'2  10'* 

TIME  to  io»  strain,  SECONDS 


io*  io4  io*  to2  io  i  ai  io'2  io'* 

TIME  TO  3%  STRAIN,  SECONDS 


time  to  failure  is  taken 
as  the  time  interval 
from  the  onset  of  load¬ 
ing  until  the  peak  re¬ 
sistance  is  reached. 

This  time  to  failure 


io'4  io'*  io'2  o.i  i  io  io2  io*  io4 

STRAIN  RATE,  *>  STRAIN  /SECOND 


Fig.  3.5  Relation  between  strain  rate  and 
time  to  failure 


will  be  related  to  the 


rate  of  strain  and  to  the  strain  required  to  reach  peak  resistance,  as  in¬ 
dicated  by  the  nomograph  in  fig.  3*5. 

Relation  between  laboratory  tests  and  behavior  in  situ:  In  most  prac¬ 
tical  problems,  the  mass  of  soil  as  a  whole  is  subjected  to  a  controlled- 
stress  type  of  loading.  However,  the  conditions  at  any  particular  point 
within  the  mass  are  neither  truly  controlled  stress  nor  controlled  strain. 
Rather,  the  stress-time  and  strain-time  patterns  at  each  point  are  influ¬ 
enced  by  the  stress-strain  behavior  at  that  point  arid  at  all  surrounding 
points . 

There  are  two  general  ways  in  which  data  regarding  the  strain-rate 
effect  upon  strength  can  be  used  in  practical  problems. 

In  some  problems,  it  may  be  possible  to  perform  an  accurate  analysis 
of  the  response  of  a  soil  mass  to  a  given  applied  loading;  i.e.  to  solve  a 
two-  or  three-dimensional  boundary  value  problem  taking  into  account  the 
actual  stress-strain-time  properties  of  the  soil.  In  such  cases,  it  is 
desirable  to  have  strength  expressed  in  terms  of  the  strain  rate. 
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In  most  problems,  it  will  be  more  appropriate  to  perform  an  approxi¬ 
mate  analysis  in  which  strength  is  mathematically  treated  as  being  inde¬ 
pendent  of  time,  but  the  strength  is  assigned  a  value  appropriate  for  the 
duration  of  the  loads  being  applied.  There  is  no  fixed  rule  for  relating 
the  expected  duration  of  the  actual  loading  to  the  time  to  failure  in  a 
laboratory  test.  The  most  conservative  rule  (Rule  l)  would  be  to  use  the 
strength  achieved  in  a  laboratory  test  having  a  time  to  failure  equal  to 
tiie  total  duration  of  the  stresses  in  the  actual  problem.  This  rule  will 
always  underestimate  the  strength  actually  available.  A  more  appropriate 
(but  still  conservative)  rule  would  be:  use  the  strength  achieved  in  a 
laboratory  test  having  a  time  to  failure  equal  to  the  interval  of  time  that 
the  stresses  in  the  actual  problem  will  exceed  the  ordinary  static  strength 
1  (Rule  2).  These  rules  are  illus- 

X  V  trated  in  fig.  3-i* 


STRENGTH 
BASED  UPON 
RULE  2 


STRENGTH 
BASEO  UPON 
RULE  / 


^  \  TIME  TO  r>;;  URE  j  f 

o.  RESULTS  FROM  LABORATORY  TEST 


TOTAL 

DURATION 


-  TINE  THAT  STRESS 
EXCEEDS  STATIC 
STRENGTH 

_ STATIC _ 

C  STRENGTH 


On  the  basis  of  these  consider¬ 
ations,  the^e  is  little  reason  to 
argue  that  either  a  controlled-stress 
or  a  controlled-strain  test  is  funda¬ 
mentally  superior.  The  choice  be¬ 
tween  them  can  be  made  solely  on  the 
basis  of  convenience.  Usually  it  is 
more  convenient  to  use  controlled- 
strain  tests,  since  fewer  tests  will 
be  necessary  to  define  the  strain- 


rate  effect  relation. 


3.1.2 


Versus  Repeated 


b.  STRESS-TIME  HiSTORY  Loadings.  The  strength  during  a  sin- 

EXPECTED  IN  ACTUAL  PROBLEM 

“  gle  rapia  loading,  such  as  generally 

Fig.  3*6  Rules  for  estimating  occurs  in  nuclear  weapons  effects 

strength  to  be  used  for  prac-  ......  .  ,  .  _ 

B  , .  ,  ,  1  problems,  must  be  distinguished  from 

ticau  problems 

the  strength  available  during  a  suc¬ 
cession  of  rapid  loadings  such  as  those  which  occur  during  earthquakes. 

The  problem  of  strength  during  repeated  loadings  has  been  discussed  in  de¬ 
tail  by  Seed  and  Chan  (1966)  and  by  Seed  and  Let  (1965).  The  strength 


Fig.  3-6  Rules  for  estimating 
strength  to  be  used  for  prac¬ 
tical  problems 
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available  during  repeated  dynamic  loadings  may  in  some  cases  be  less  than 
the  ordinary  static  strength.  However,  the  strength  during  any  cycle  of  a 
repeated  loading  will  be  greater  if  the  loading  is  applied  rapidly  than  if 
it  is  applied  slowly,  provided  that  the  same  conditions  exist  at  the  be¬ 
ginning  of  the  cycle  and  if  tne  same  drainage  conditions  exist  during  the 
cycle . 

3.2  FACTORS  AFFECTING  THE  RELATION  BETWEEN  STRENGTH  AND  RATE  OF  LOADING 

The  Mohr-Coulomb  hypothesis  regarding  the  strength  of  soils,  as  modi¬ 
fied  by  Terzaghi  to  include  the  effects  of  pore  pressure,  can  be  stated  as: 

s  =  c  +  (a  -  u)  tan  <f>  (3-1) 

where  s  is  the  maximum  shear  stress  possible  on  a  plane  (shear  strength), 
c  is  the  cohesion  intercept,  a  is  the  total  stress  normal  to  the  plane, 
u  is  the  pore  pressure,  and  ft  is  the  friction  angle.  The  pore  pressure 
u  is  the  sum  of  any  initial  pore  pressure  plus  any  excess  pore  pres¬ 

sure  Au  generated  during  the  shear  process.  In  turn,  Au  can  be  ex¬ 
pressed  as  Aucw  ,  the  excess  pore  pressure  developed  during  shear  at  con¬ 
stant  water  content,  minus  Au..  ,  the  excess  pore  water  oressure  dissi- 

dis 

pated  by  consolidation  which  takes  place  during  the  loading.  Thus  Equa¬ 
tion  3-1  can  be  rewritten  as: 

s-c+(a-u,-Au  +  au,.  )  tan  0 
v  i  cw  dis/  r 

Although  the  Mohr-Coulomb  equation  represents  a  great  simplification 
of  the  actual  strength  behavior  of  soils,  and  though  there  can  be  many 
arguments  as  to  just  how  c  and  ft  should  be  measured  and  defined,  this 
equation  serves  well  as  a  basis  for  discussing  the  role  of  rate  of  loading 
in  the  several  factors  which  determine  shear  strength.  These  factors  are 
listed  in  fig.  3*7. 

3.2.1  Intrinsic  Properties  of  Soil .  In  this  category  eu  those  prop¬ 
erties  of  soil  which  are  independent  of  the  overall  size  of  the  soil  mass 
or  of  the  boundary  conditions  imposed  upon  the  mass.  The  strength 
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TIME-DEPENDENT  NATURE  OF  INTRINSIC  PROPERTIES  OF  SOIL 


C.  <f>:  THE  STRENGTH  PARAMETERS  IN  TERMS  OF  EFFECTIVE  STRESS 

Au.w:  THE  EXCESS  PORE  PRESSURE  GENERATED  DURING  SHEAR  AT 
W  CONSTANT  WATER  CONTENT 

OVERALL  ACTION  OF  MASS  OF  SOIL 

INERTIA:  MAY  AFFECT  THE  TOTAL  STRESS  0  ACTING  AT  A  POINT 

CONSOLIDATION:  WILL  AFFECT  THE  EXCESS  PORE  PRESSURE  Audjj 
DISSIPATED  BY  THE  TIME  OF  MAXIMUM  LOADING 

Fig.  3*7  Factors  affecting  relation  between 
strength  and  rate  of  loading 

parameters  c  and  f)  ,  and  the  excess  pore  pi  essure  generated  during  shear 
at  constant  water  content  Aucw  ,  fall  in  this  category.  Any  tendencies 
for  these  factors  to  be  functions  of  the  rate  of  loading  will  cause  shear 
strength  to  be  a  function  of  the  rate  of  loading. 

3-2.2  Overall  Action  of  Mass  of  Soil.  The  normal  stress  0  acting 
upon  a  plane  through  a  point  within  a  soil  mass,  the  initial  pore  water 
pressure  u^  at  the  point,  and  the  excess  pore  water  pressure  dissipated 
from  the  point  during  lending  £u^g  are  all  influenced  by  the  dimensions 
and  shape  of  the  soil  mass  and  by  the  way  in  which  the  soil  mass  is  loaded. 
The  initial  pore  pressure  u^  does  not  enter  into  our  discussion  of  the 
effect  of  loading  rate  upon  strength.  Plowever,  both  a  and  Au^  will 
in  general  change  as  the  rate  at  which  loads  are  applied  to  the  soil  mass 
changes,  and  these  changes  will  affect  the  shear  strength  available  at  a 
given  point  within  the  mass. 

Inertial  effects :  The  behavior  during  a  direct  shear  test  can  be 

used  to  illustrate  how 
the  normal  stress  a 
acting  at  a  point  can 
be  influenced  by  the 
rate  of  loading  (see 
fig.  3-8) .  If  verti¬ 
cal  movement  occurs  due 
to  soil  expansion  dur¬ 
ing  shear,  inertia 


APPLIED  NORMAL  LOAD 


ERTIA  FORCE  DEVELOPED 
THERE  IS  A  VERTICAL 
ACCELERATION  AS  SAMPLE 
NCREASES  IN  TH'CKNESS 


Fig.  3*8  Effect  of  inertia  during  direct 
shear  test 
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forces  are  generated  within  the  specimen  during  a  rapid  loading,  and  the 
normal  stress  a  acting  upon  the  failure  plane  may  not  be  equal  to  the 


applied  normal  stress.  Any  change  in  a  with  loading  rate  of  course  leads 
to  change  in  strength.  This  effect  has  been  neatly  demonstrated  by  the 


special  direct  shear 
tests  described  by 
Schimming,  Haas,  and 
Saxe  (1966).  These 
inertia  forces, 
whose  magnitude  can¬ 
not  be  estimated  ac¬ 
curately,  complicate 
the  interpretation 
of  the  results  of  a 
strength  test .  The 
same  effect  can  de¬ 
velop  during  a  tri- 
axial  test  (see 

fig.  3.9). 

Consolidation : 
The  importance  of 


Fig.  3*10  Effect  of  drainage  on 
strength  of  saturated  sand  (from 
Seed  and  Lundgren,  195*0 


the  hydrodynamic  time  lag  with  regard  to 
the  pore  pressures  existing  at  the  end  of 
a  loading,  and  consequently  the  strength 
available  to  resist  the  loading,  is  well 
known  and  has  already  been  discussed  in 
section  1.3.  This  effect  can  readily  be 
demonstrated  in  laboratory  tests  on  satu¬ 
rated  sand  by  performing  triaxial  tests 
with  drainage  permitted  (see  fig.  3.10). 
With  ordinary  testing  speeds,  full  drain¬ 
age  occurs,  and  the  strength  is  given  by 
the  curve  marked  "drained  static." 
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During  very  rapid  loadings,  there  is  inadequate  time  •''or  drainage.  Excess 
pore  pressures  remain  during  the  loading,  causing  a  change  in  strength 
(curve  marked  "undrained  transient").  The  conditions  during  the  transient 
loading  can  be  simulated  by  performing  tests  slowly  with  drainage  prevented 
(curve  marked  "undrained  static"). 

Pore  pressure  changes  can  occur  even  during  undrained  shear  of  a  dense 
dry  sand.  For  example,  assume  that  the  volume  of  the  void  spaces  is  ini¬ 
tially  one-third  of  the  total  volume  of  the  specimen,  that  the  specimen  ex¬ 
pands  %  as  the  result  of-  shear,  and  that  the  air  in  the  voids  is  initially 
at  atmospheric  pressure  (lU.7  psi).  Beyle’s  law  (pressure  x  volume  =  con¬ 
stant)  may  then  be  applied  to  find  the  change  in  pore  pressure  as  the  sand 
is  sheared.  The  pore  pressure  is  found  to  decrease  to  12.8  psi  (absolute 
pressure).  This  small  change  in  effective  stress  is  not  enough  to  alter 
the  mineral  skeleton's  tendency  to  expand.  However,  if  the  minor  principal 
effective  stress  before  shear  were  only  10  psi,  the  excess  pore  pressure 
would  cause  this  confining  pressure  to  increase  by  20#  during  shear.  Thus, 
the  strength  in  the  undrained  test  would  be  20#  greater  than  that  in  a 
drained  test  on  the  same  sand,  even  if  the  friction  angle  remains 
unchanged . 

The  same  effects  show  up  in  clay  soils,  except  that  the  test  must  be 
performed  very  slowly  if  there  is  to  be  any  drainage.  There  will  be  little 
dissipation  of  excess  pore  pressures  during  either  rapid  tests  or  tests  at 
ordinary  loading  speeds  in  clay. 

3.2.3  Relative  Importance  of  Factors .  The  strength  increases  which 
arise  from  the  mass  action  of  the  soil  are  generally  more  important  than 
the  strength  increases  which  arise  from  the  time -dependent  nature  of  the 
intrinsic  properties  of  the  soil,  in  that  they  can  lead  to  much  greater 
strength  increases.  However,  the  mass  action  of  the  soil  depends  very  much 
upon  the  size  and  shape  of  the  soil  mass  and  upon  the  way  in  which  the  mass 
is  loaded.  This  mass  action  must  be  accounted  for  by  a  theoretical  analy¬ 
sis  of  each  problem:  a  dynamic  analysis  to  account  for  inertia  forces  and 
a  consolidation  analysis  to  account  for  the  hydrodynamic  time  lag.  Hence 
these  factors  arising  from  the  mass  action  of  soil  are  not  of  concern  in 
this  chapter.  Here  we  shall  deal  only  with  the  effect  of  strain  rate  upon 


100 


the  intrinsic  properties.  Thus,  it  was  decided  to  run  tests  in  which  in¬ 
ertia  effects  were  not  present  and  to  prevent  any  drainage  from  occurring 
at  all  strain  rates. 

3-3  TESTING  EQUIPMENT  AND  PROCEDURES 

3.3.I  Loading  Systems .  Fig.  3»H  shows  the  simple  rapid  loading  sys¬ 
tem  which  was  developed  under  tne  present  contract  (: ee  Report  2).  A  hy¬ 
draulic  system  controls  the  movement  of  the  loading  yoke,  and  the  basic 
elements  of  this  system  are  shown  in  part  b  of  the  figure.  The  loading 
yoke  is  attached  at  its  lower  end  to  the  piston  rod  of  a  hydraulic  cylin¬ 
der.  The  chamber  of  the  hydraulic  cylinder  below  the  piston  head, 
chamber  B  of  the  figure,  exhausts  through  two  valves.  The  first  of  these 
valves  is  a  control  valve  and  is  either  in  a  shut  or  open  position.  The 
second  is  a  flow  control  valve  designed  to  provide  a  fixed  rate  of  fluid 
flow  regardless  of  the  pressure  drop  across  the  valve. 

Initially  the  control  valve  is  in  the  shut  position  so  that  the  hy¬ 
draulic  fluid  is  trapped  in  chamber  B,  with  the  loading  yoke  so  positioned 
that  a  gap  of  approximately  1  in.  exists  between  the  yoke  and  the  plunger 
of  the  test  cell.  Immediately  after  the  control  valve  is  opened,  there  is 
a  short  period  during  which  the  loading  yoke  accelerates,  but  the  yoke 
rapidly  achieves  a  terminal  velocity  determined  by  the  setting  of  the  flow 
control  valve.  After  the  loading  yoke  has  achieved  its  terminal  velocity 
and  has  moved  through  the  gap  that  separates  it  from  the  plunger  of  the 
test  cell,  it  contacts  the  plunger  and  strains  the  soil  sample.  If  the 
weight  of  the  loading  yoke  and  the  fluid  pressure  in  chamber  A  are  of  suf¬ 
ficient  magnitude,  the  yoke  will  continue  to  fall  at  its  terminal  velocity 
even  though  it  is  doing  work  in  failing  the  sample.  Loading  velocities  be¬ 
tween  approximately  0.01  and  20  in.  per  sec  can  be  achieved  with  this  appa¬ 
ratus.  For  specimens  which  are  3«5  in.  in  length,  this  means  strain  rates 
between  approximately  0.01  and  200 %  strain  per  sec.  If  the  strain  at  fail¬ 
ure  is  5 this  means  times  tc  failure  of  approximately  50  sec  to  25  msec. 

Various  other  loading  devices  have  been  used  to  obtain  the  results  de¬ 
scribed.  in  this  chapter.  Recently  a  direct  shear  device  that  is  a  cross 
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b.  Hydraulic  control  system 

Fig.  3.11  MIT  apparatus  for  rapidly 
loaded  triaxial  tests 
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between  a  controHed-stress  and  a  controll  'd- strain  test  has  been  used  at 
Notre  Dame  (Schimming,  Haas,  and  Saxe,  IStob). 

3.3-2  Triaxial  Cells.  For  the  majority  of  the  triaxial  tests  which 
have  been  conducted,  specimens  have  been  approximately  1.5  i •  in  diameter 
and  3  to  ^  in.  long.  For  the  recent  tests  at  MIT,  standard  triaxial  cells 
have  been  modified  as  shown  in  fig. 

3-12  to  permit  insertion  of  a  force 
transducer  through  the  baseplate. 

Gas  was  used  to  provide  the  chamber 
pressure,  and  this  pressure  remained 
substantially  constant  throughout 
each  test  although  the  gas  volume 
within  the  cell  decreased  slightly 
as  the  plunger  was  pushed  into  the 
cell. 

3o>3  Force  Measurement.  Dur¬ 
ing  rapid  loadings,  the  axial  force 
being  applied  to  the  triaxial  speci¬ 
men  should  be  measured  by  a  force 
transducer  located  inside  the  tri¬ 
axial  cell ,  because  the  friction  between  the  plunger  and  its  bushing  may  be 
significantly  large.  Fig.  3*12  shows  the  arrangement  used  for  this  purpose 
during  ohe  recent  tests  at  MIT.  Since  the  ball  bushing  used  for  this 
arrangement  does  not  have  to  seal  against  leakage,  essentially  frictionless 
operation  is  possible.  The  force  transducer  is  inserted  after  any  corsoli- 
tion  of  the  specimen  has  been  completed  and  just  before  the  shear  test  is 
conducted,  and  hence  the  transducer  need  not  be  tied  up  during  long  ueriods 
of  consolidation.  Report  lh>  provides  further  details  concerning  the 
operation  of  this  force  transducer. 

3.3 .4  Pore  Pressure  Measurements.  Whenever  possible,  pore  pressures 

have  been  measured  during  the  tests  at  MIT  so  as  to  learn  whether  the 

strain  rate  affects  the  strength  parameters  c  and  f)  or  the  excess  pore 

pressure  Au  ,  or  both.  Farly  experience  indicated  that  it  seldom,  is 
cw 

satisfactory  to  measure  the  pore  pressure  at  the  ends  of  tne  specimen, 


Fig.  3*12  Force  transducer  for 
recent  tests  at  MIT 


103 


^pvc  tubing 


t rmc 

NEEDLE 


BRASS 


PRESSURE 

TRANSDUCER 


since  during  rapid  loadings 
the  excess  pare  pressures 
will  net  be  » ini form  through¬ 
out  the  specimen  (see  Reports 
15  and  16).  Consequently, 
needles  inserted  into  the 
central  portions  of  specimens 
were  employed,  together  with 

electrical  pressure  transducers  of  very  low  compliance.  Fig.  3-13  shows 
the  measuring  systems  finally  evolved  at  KIT  (see  Reports  15  and  16  for 
further  details). 


Fig.  3-13  Pcre  pressure  measuring  system 


The  response  time  of  a  pore  pressure  measuring  system  depends  upon  the 
permeability  and  compressibility  of  the  soil  as  well  as  upon  the  compliance 
(the  quantity  of  water  which  must  flow  to  the  device  to  make  it  respond)  of 
the  system  itself.  Measuring  systems  are  sensitive  to  changes  in  total 
stress  as  well  as  to  changes  in  pore  pressure,  and  it  is  quite  difficult  to 
knew  just  what  one  is  measuring  when  the  applied  loads  cure  changing  rapidly. 
(See  Whitman,  Richardson,  and  Kealy,  1961,  for  a  discussion  of  the  theory 
of  pore  pressure  measuring  devices.)  J-toreovar,  it  is  difficult  to  devise  a 
test  which  can  be  used  to  determine  the  time  lag  required  before  a  system 
is  really  meas~ring  the  pore  pressure.  Report  15  describes  the  procedures 
developed  at  MIT  for  this  purpose.  Very  rapid  response  times  have  teen 
quoted  for  other  measuring  systems  (for  example :  Peters,  19°3),  out  it  is 
not  certain  that  these  systems  have  been  adequately  evaluated. 

The  following  maximum  time  lags  have  been  achieved  with  the  KIT 
system: 


Coarse  sand:  0.1  msec 
Fine  silty  sand:  1  msec 

Clayey  silt  (permeability  c:  10  cn / sec ) :  2  sec 

3-3*5  Permissible  Loading  Rates.  If  specimens  a r-i  loaded  too  rap¬ 
idly,  stress  and  strain  will  not  be  uniform  along  the  \  ^ogth  of  the  speci¬ 
men:  rather  there  will  be  wave  fronts  within  the  specimen.  Moreover,  a 
triaxial  specimen  must  expand  laterally  before  it  can  fail,  and  during  a 
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very  rapid  loading,  the  lateral  inertia  say  severely  inhibit  development  of 
a  failure.  The  problem  of  lateral  inertia  is  especially  troublesome,  since 
this  inertia  can  cake  soil  behave  as  though  it  has  t ime -dependent  proper¬ 
ties.  This  problem,  and  the  dangers  steaming  from  a  false  interpretation 
cf  data  obtained  during  very  rapid  loadings,  have  been  thoroughly  discussed 
in  an  appendix  to  Report  9- 

As  discussed  in  section  3*2.3,  it  is  desirable  to  avoid  all  inertia 
effects  during  laboratory  tests,  by  avoiding  very  short  times  to  failure. 
Approximate  criteria  can  be  developed  by  considering  the  time  required  for 
compressive  wares  to  pass  back  and  forth  along  the  leiigt  of  the  specimen 
and  for  shear  -waves  to  pass  back  and  forth  across  the  diameter  of  the  spec¬ 
imen  (see  Report  9  and  NUCLEAR  GBDFLOSICS).  For  tests  with  specimens  about 
h  in.  long  ana  1.5  iu.  in  diameter,  the  time  to  failure  should  be  5  msec  or 
greater . 


3-4  BEHAVIOR  OF  DRY  SANDS 

Numerous  rapid  loading  tests  have  been  made  on  dry  sands:  at  Harvard 
(Casagrande  and  Shannon,  19^3),  at  Notre  Dame  (Schinning  et  al.,  1966),  and 
at  MIT  during  both  the  earlier  ana  present  contracts.  All  of  these  tests 
have  indicated  that  the  strain-rate  effect  ir.  dry  sands  is  small;  that  is, 
that  there  is  less  than  10  to  15/!  increase  in  friction  angle  between  times 
to  failure  of  about  5  rain  and  5  msec.  However,  even  only  a  10 £  increase  in 
friction  angle  can  lead  to  a  very  large  change  in  bearing  capacity  (see 
Chapter  2).  Hence  it  would  be  desirable  to  know  the  strain-rate  effect  in 


dry  sar.ds  more  precisely.  Unfortu¬ 
nately,  the  available  test  results 
do  not  permit  a  closer  answer,  owing 
to  the  many  uncertainties  and  errors 
which  can  creep  into  the  testing  of 
dry  sands. 

Fig.  3.1^  shows  the  composite 
average  result  of  testing  three 
sands  during  the  earlier  MIT  tests. 
These  sands  were  standard  Ottawa 


Fig.  3>1^  Composite  average 
result  for  three  dry  sands; 
early  tests  at  MIT 
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-1g.  3-15  Strain-rate  effect  for  dry  Ottawa  sand 


sand  (a  uniform  sand 
of  medium  grain 
siae),  a  fine  we.11- 
graded  rive:-  sand, 
and  desert  aUitviun 
from  Nevada.  Fig. 
3.15  gives  rerults 
obtained  under  the 
present  contract 
(Report  3).  Both  of 
these  sets  of  re¬ 
sults  show  a  similar 
trend.  The  friction 


angle  first  decreases  as  the  strain  rate  increases  beyond  that  required  for 
a  time  to  failure  of  5  nin.  Eventually  the  trend  reverses,  and  there  is  a 
slight  increase  in  strength  (end  hence  friction  angle)  with  increasing 
strain  rate. 

-  '  -i 

f 

There  are  some  reasons  for  believing  that  these  trends  are  simply  the 
result  of  systematic  errors,  and  hence  should  be  ignored.  The  tests  were 
vacuum  triaxial  tests  in  which  partial  vacuums  were  used  to  control 
stresses.  As  discussed  earlier,  unmeasured  pore  pressure  changes  could 
have  occurred  in  the  tests,  especially  those  conducted  at  low  confining 
pressures.  These  reasons  have  been  discussed  in  Whitman  and  Healy  (1963). 

There  is  also  some  additional  evidence  to  suggest  that  the  trends  may  be 
indeed  correct.  Barnes  (l$fc5)  has  found  that  the  strength  of  sand  during  a 
slow,  steady  loading  is  decreased  slightly  (4  to  &%)  if  small  vibrations 
are  applied  simultaneously  (see  fig.  3-16).  The  bearing  capacity  tests  by 
Vesic  et  al.  (1965)  show  first  a  decrease  and  then  an  increase  with  in¬ 
creasing  rate  of  loading.  Penetration  tests  involving  steel  pellets  (Colp, 

1965)  have  shown  a  decreased  resistance  as  the  penetration  speed  was  in¬ 
creased  from  slow  to  moderately  rapid.  Other  bearing  capacity  tests  (see 
Whitman  and  Luscher,  1965)  have  shown  a  large  increase  in  ultimate  bearing 
capacity  between  slow  and  very  rapid  loading  rates. 

It  is  possible  to  suggest  hypotheses  to  explain  the  trends  shown  in 
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figs.  3*lb  and  3*15.  The  decrease  of 
friction  angle  with  increasing  strain 
rate  can  be  explained  by  the  increased 

.is  -  .  • 

tendency  for  kinetic  friction  rather  3 
than  static  friction  to  govern  the  be-  t 

havior ,  as  the  coefficient  of  kinetic  g  V»«  m«  tw  m 

friction  is  generally  less  than  the  S  ^CWSC-^^ 

W  Hi~ 

coefficient  of  static  friction.  The  5 

-  J 

increase  of  friction  angle  at  very  *  . _ 

^  «  1  g  ^  —STATfC 

rapid  strain  rates  can  be  explained  on  5  *»  -  -a— ■ _  * — ■ — -w. 

the  basis  that  interlocking  between 

particles  becomes  more  effective  when  ,,,,,,,,,,, 

o  u  aw  an  aw  tn  ojm  aw  ew  an  aw  aw 

the  particles  are  not  given  sufficient  *ct»wtw» 

LOOSE  SAND 

time  '  ~ind  the  easiest  path  past  one 

. .  Fig.  3.16  Conparison  of  strength 

anot.--  .  Tests  by  Healy  vReport  13)  ,  .  ,  ,  ,  *?,, 

J  during  slow  loadi:  *  with  and  with- 

have  shown  that  sands  expand  more  out  vibrations  (from  Barnes,  1965) 

during  a  rapid  snear  than  during  a 

slow  shear,  thus  confirming  the  increased  importance  of  interlocking. 

However,  these  hypotheses  are  still  only  speculative.  Very  careful 
work  will  be  required  to  learn  just  how  much  and  just  why  the  friction 
angle  of  dry  sands  is  affected  by  strain  rate.  Any  future  tests  of  this 
type  should  attempt  to  measure  or  eliminate  pore  pressure  in  the  air  voids 


0  Sfl  AN  All  Att  OU  0*4  OjII  ON  OAT  AW  AW 
veto  RATIO 


Fig.  3.16  Conparison  of  strength 
during  slow  loadi:  -  with  and  with¬ 
out  vibrations  (from  Barnes,  1965) 


3.5  BEHAVIOR  OF  SATURATED  SANDS 

There  can  be  a  strain-rate  effect  (as  much  as  a  factor  of  2  or  3)  in  a 
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saturated  sand  because  of 

>  Z  /omc~ 

differencos  in  the  excess 
pore  pressures  generated 
0  00/  X  / s«e.  at  different  strain 

rates.  This  is  shown  in 


a  4  *  a 

Axial  Strom  -poreent 


\oo^«  proosura  SO%/soc.  _  .  „  .  -  ,0 

figs.  3.17  and  3.18. 


Fig.  3*17  Stress-strain  curves  for  a  loose, 
saturated  fine  sand 


This  type  of  effect  de¬ 
velops  when  a  saturated 
sand  is  straining  at  more 
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Fig.  3-18  Stress- strain  cur.  es  for  lcoce, 
saturated  Ottawa  sand 

or  less  the  critical  void  ratio  for  the  particular  level  of  effective 
stress;  i.e.  at  large  strains  with  loose  specimens  under  low  to  moderate 
effective  stresses  (Reports  1  and  11).  It  seems  likely  that  the  same  ef¬ 
fects  will  appear  at  moderate  strains  when  large  effective  stresses  are 
present . 

This  effect  is  caused  by  the  phenomenon  noted  in  section  3 •  With 
increasing  strain  rate,  the  sand  has  a  greater  tendency  to  increase  in  vol¬ 
ume  (see  Report  13).  In  order  to  maintain  the  constant  volume  condition 
involved  in  undrained  shear  of  a  saturated  soil,  this  tendency  must  be 
counteracted  by  an  increased  effective  stress;  i.e.  by  a  decreased  pore 
pressure.  Any  possible  changes  in  the  friction  angle  with  strain  rate  are 
of  small  consequence. 

Dense  specimens  under  low  effective  stress  will  simply  cavitate,  and 
so  will  cease  to  be  sheared  at  constant  volume  (fig.  3-19)-  The  effect  of 
strain  rate  on  peak  strength  is  then  small,  just  as  in  the  case  of  dry 
sands . 

These  results  have  played  an  important  role  in  the  understanding  of 
the  effects  of  strain  rate  on  strength  in  the  case  of  saturated  soils. 


However,  those  results 
're  themselves  not  very 
important  in  practical 
problems  because  uncer¬ 
tainty  as  to  the  degree 
of  consolidation  of  sand? 
during  rapid  loadings 
will  mask  the  strain-rate 
effect  discussed  here. 

3.6  BEHAVIOR  OF  COHESIVE 

SOIIS 

Typical  results 
from  tests  on  saturated 
remolded  specimens  of  a 
clayey  silt  have  already 
been  snown  in  fig.  3.2. 
Fig.  3-20  gives  results 
frcm  unconfined  compres¬ 
sion  and  console  dated 


toadmy  4m*oc;fy  : 
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o-oa  m/am e 
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Ax/a/  Strom  -  percent 

Chamber  pressure  •  40  /to /m.1 
m/t/at  pore  pressure  -  BS  ft/n* 

Fig.  3-19  Stress-strain  curves  for  uense, 
saturated  Ottawa  sand 


BOSTON  CLAY  PLASTICITY  INDEX  .  i4-28%,  PLASTIC  LIMIT  *  20-24%,  WATER  CONTENT  *  30-41% 
UNCONFINED  RECONSOLIDATEO  (85  psi) 


Fig.  3.20  Effect  of  strain  rate  on  behavior  of  a  saturated 
clay  with  and  without  confining  pressure 
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undrained  tests  on  undisturbed  specimens  of  clay.  All  available  results 
(except  the  results  front  Notre  Dame:  Schimming  et  a!.,  1966)  are  sum¬ 
marized  in  table  3*1. 

In  order  that  an  engineer  may  intelligently  apply  these  data  to  his 
particular  problem,  or  may  intelligently  select  the  test  conditions  which 
should  be  employed  for  laboratory  tests  upon  his  particular  soil,  it  would 
be  desirable  to  understand  the  causes  for  the  strain-rate  effect  in  cohe¬ 
sive  soils  and  the  rearms  for  the  differences  between  the  various  cohesive 
soils.  Unfortunately,  no  complete  understanding  of  these  effects  exists 
today. 

Pore  pressure  'nas  played  a  key  role  in  soil  mechanics  with  regard  to 
the  general  understanding  of  shear  strength  phenomena.  Furthermore,  meas¬ 
urement  cf  pore  pressures  permitted  an  understanding  of  the  strain-rate 
effect  on  the  strength  of  saturated  sands.  Hence,  it  is  natural  to  inquire 
into  the  effect  of  strain  rate  upon  the  pore  pressures  within  cohesive 
soils.  As  yet,  it  has  not  proved  possible  to  measure  satisfactorily  the 
pore  pressures  induced  in  clay  during  very  rapid  shear.  However,  there 
are  data  for  moderate  rates  of  shear,  together  with  some  basis  for  infer¬ 
ring  what  must  happen  during  more  rapid  tests. 

3.6.1  Situations  in  Which  Pore  Pressures  Are  Positive.  Tn  every  case 
where  pore  pressure  measurements  have  been  obtained,  the' change  in  excess 
pore  pressure  £ucw  with  cnanging  strain  rate  has  almost  fully  accounted 
for  the  effect  of  strain  rate  upon  strength.  This  result  has  already  been 
noted  for  the  case  of  saturated  sands,  which  have  permitted  measurement  of 
excess  pore  pressures  during  very  rapid  tests.  Reports  15  and  i6,  respec¬ 
tively,  give  data  for  a  silty  clay  tested  at  slow  to  moderately  rapid 
speeds  and  for  a  fat  clay  at  very  slow  to  slow  speeds.  It  seems  likely 
that  the  same  trends  will  continue  to  more  rapid  strain  rates. 

In  general,  pore  pressures  sure  positive  during  tests  only  if  these 
tests  are  conducted  with  confining  stresses.  Fig.  3-20  shows  a  typical  set 
of  results  for  such  a  situation.  The  stress-strain  curves  from  both  slow 
and  rapid  tests  have  a  broad  peak  and  both  are  similar  in  shape.  The 
stress-strain  curve  for  the  rapid  tests  can  be  obtained  simply  by  multi¬ 
plying  the  ordinates  of  the  "slow"  stress-strain  curve  by  a  constant  factor. 


110 


3-6.2  Situations  in  Which  Pore  Pressures  Art;  Negative.  Whenever 
specimens  of  soil  are  under  small  or  zero  confining  stress,  as  in  uncon¬ 
fined  compression  tests,  the  soil  has  strength  largely  because  there  are 
capillary  tensions  (negative  pore  water  pressures)  which  in  turn  cause  in¬ 
creased  effective  stresses.  In  general,  these  capillaiy  tensions  become 
increasingly  important  as  the  water  content  decreases,  although  in  very  dry 
soils  they  cease  to  be  important  with  regard  to  strength.  As  the  confining 
pressure  on  the  specimens  of  soil  increases,  the  pore  pressures  become  less 
negative  and  event  ally  become  zero  or  positive. 

The  factors  which  control  the  magnitude  of  the  negative  pore  water 
pressures  within  unconfined  specimens  are  poorly  understood.  This  is  es¬ 
pecially  true  in  partially  saturated  soils.  The  negative  pressures  must  be 
quite  sensitive  to  the  way  in  which  the  soil  particles  are  arranged  and  now 
the  particles  move  relative  to  one  another  during  shear.  In  turn,  the 
strength  of  an  unconfined  specimen  must  be  rather  sensitive  to  the  magni¬ 
tude  of  the  negative  pore  pressure  which  the  weakest  portion  of  the  soil 
can  sustain. 

It  seems  reasonable  to  guess  that  larger  capillary  tensions  can  be 
sustained  during  a  rapid  shear  than  during  a  slow  shear  and  that  these 
larger  capillary  tensions  can  be  sustained  to  larger  strains.  This  suppo¬ 
sition  has  led  to  the  hypothesis  that  the  strain-rate  effect  upon  strength 
will  be  greatest  when  negative  pore  pressures  contribute  most  importantly 
to  strength.  This  hypothesis  is  spelled  out  in  fig.  3-21.  The  following 
evidence  can  be  offered  in  support  of  this  hypothesis. 

(a)  Fig.  3.20  gives  a  typical  set  of  stress -strain  curves  from  a 

series  of  unconfined  compression  tests  at  different  strain  rates. 
Compared  with  curves  from  consolidated  undrained  tests,  the 
stress-strain  curves  from  these  tests  all  have  sharper  peaks,  and 
the  sharper  peaks  are  especially  pronounced  for  the  slower  uncon¬ 
fined  compression  tests.  As  the  strain  rate  increased,  the 
strain  at  failure  in  the  unconfined  compression  tests  increased. 
The  ratio  of  stresses  in  the  fast  and  slow  tests  was  less  at  low 
strains,  such  as  l/<$,  than  was  the  ratio  of  stresses  at  failure. 
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brittle  failure  ] 

plastic  failure 

1 

1 

FAILURE  by  splitting  OR  1 

PRONOUNCED  FAILURE  PLANES  j 

1 

1  . 

rAitURC  BY  BULGING 

1 

Occurs  wm-re  there  are  large 
negative  pore  pressures  in 
uii.  onfinetl  compression  tests: 

(;)  Soil.-,  compacted  dry  of 
optimum  water  content. 

(22  Stiff  saturated  soils. 

j 

i 

!  Occurs  in  trtaxial  tests  with  large 

1  chamber  pressures,  or  where  there 
are  small  negative  pore  pressures 
in  unconfined  compression  tests: 

(1)  Soils  nmpactcd  wet  of 
'optimum  water  content. 

j  (2)  Soft  saturated  soils. 

1 

STRAIN  AT  FAILURE  AFFECTED 
iY  STRAIN  RATE 

1 

|  strain  AT  FAILURE  INDEPENDENT 
OF  strain  RATE 

Fig.  3*21  Hypothesis  for  difference  in  strain-rate 
effect  in  different  soils 


Similar  patterns  have  also  been  observed  with  other  soils  (see 
table  3-1). 

(b)  Fig.  3-22  shows  the  general  nature  of  the  results  from  tests  by 
Schimming  et  al.  (1966).  The  strain-rate  effect  upon  strength 
clearly  decreases  with  increased  confining  pressure;  i.e.,  with 
decreased  importance  of  negative  pore  water  pressures. 

(c)  Fig.  3-23  shews  the  magnitude  of  the  strain-rate  effect  upon 
apparent  cohesion  (the  strength  in  the  unconfined  s+ate)  as  a 
function  of  water  content.  This  effect  rends  to  increase  as  the 
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Fig.  3-22  Typical  consoli dated- 
undr  ai  ned  failure  envelopes  for 
a  partially  saturated  soil  (from 
Schinaning,  Haas,  and  Saxe,  1966) 


2 

O  - 

y  M 

si 

w 


o|G 


V 

'  - 

■ 

1 

J  . 

1  A 

V  C 

V  C 

a 

ompaci 

ompaci 

0  L 

cO  JORI 
'ED  JORI 

EGEND 

)an  aur 
[>AN  BUI 

rF  CLAY 
rF  CLAY 

1  O 

:  W=:25  •/• 

A  CONSOLIDATED  JORDAN  BUFF  CLAY 

O  COMPACTED  WESTERN  BENTONITE  CLAY 

0  NATURAL  UNDISTURBED  CHICAGO  BLUE  CL  A* 

■  —  * .  ■  ■ _ •-  ■ 

Fig. 


10  20  30  40  50  SO  70  BO 

MOISTURE  CONTENT,  °A> 

3.23  Strair.-rate  effect  upon  apparent  cohesion 
(from  Schiming,  Haas,  and  Saxe,  i960) 
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vater  content  decreases,  but  falls  off  again  for  very  dry  soils 
in  which  capillar;-  tensions  are  relatively  unimportant.  Thus, 
again  the  strain  rate  is  most  important  when  negative  pore  pres¬ 
sures  are  most  important . 

Clearly  the  hypothesis  of  fig.  3*21  is  still  quite  speculative,  but  it  does 
serve  to  indicate  the  importance  of  the  test  conditions.  In  particular, 
soils  should  be  tested  under  low  confining  pressure  only  if  they  will  ac¬ 
tually  exist  under  low  confining  pressure  in  the  actual  problem. 

3.6.3  Other  Effects.  It  should  not  be  inferred  from  the  foregoing 
that  the  author  does  not  believe  in  the  existence  of  a  structural  viscosity 
effect  in  soils.  Indeed,  the  evidence  is  clear  that  such  an  effect  is 
present  for  relatively  snail  strains  (Report  16;  Richardson  and  Whitman, 
1963)*  Furthermore,  the  rate-process  approach  developed  by  Mitchell  (1964) 
is  quite  impressive .  However,  the  bonds  developed  during  consolidation 
tend  to  be  destroyed  during  the  early  portion  of  a  shearing  process  and  so 


are  less  important  when  the  peak  shearing  resistance  is  being  mobilized. 

Actually,  tne  author  does  believe  that  structural  viscosity  has  some 
effect  upon  peak  strength  at  very  rapid  strain  rates,  but  he  further  be¬ 
lieves  that  changes  in  the  excess  pore  pressures  are  of  prime  importance . 
Incidentally,  these  arguments  suggest  that  time-dependent  bonding  will  have 
its  greatest  effect  when  failure  takes  place  at  very  small  strains,  i.e.  in 
sensitive  soils.  In  table  3*1»  it  can  be  noted  that  the  largest  recorded 
value  of  strain-rate  effect  is  for  a  sensitive  natural  clay. 

The  tests  at  Notre  Dame  also  provide  another  valuable  result:  the 
dynamic  strength  was  found  to  be  the  same  whether  the  normal  stress  was 
applied  in  advance  of  or  concurrently  with  the  shear  force.  This  confirms 
an  earlier  tentative  finding  by  Seed  and  McNeill  (1957). 

3-7  SUMMARY  AND  RECOJ-S-EKUATIOKS 

3.7.1  Summary  .  Results .  The  following  working  conclusions  can  be 
drawn  on  the  basis  of  present  knowledge: 

(a)  For  Ailly  or  nearly  saturated  cohesive  soils,  which  behave  as 
though  4=0  for  the  unconsolidated  undrained  (UU)  condition, 
tne  strain-rate  effect  upon  total  strength  falls  between  1.5  and 
2.0,  with  1.75  a  good  average  value. 

(b)  For  partially  saturated  soils  with  a  water  content  at  or  just 
above  the  plastic  limit ,  the  strain  -rate  effect  upon  total 
strength  will  decrease  with  increasing  confining  pressure  (for 
the  UU  condition)  perhaps  being  greater  than  2  at  zero  confining 
pressure  and  perhaps  less  than  1.5  for  confining  pressures  of 

50  psi  and  greater. 

(c)  Soils  drier  than  the  plastic  limit  will  have  a  strain-rate  effect 
less  than  1.5  even  at  low  confining  pressures. 

It  should  be  noted  that  the  test  results  contain  cne  bit  of  evidence  to  the 
effect  that  clays  of  moderate  sensitivity  may  possess  a  strain-rate  effect 
as  great  as  4. 

All  of  these  results  emphasize  the  need  to  evaluate  the  strain-rate 
effect  upon  strength  for  the  particular  conditions  to  be  expected  in  the 
problem  of  interest. 


3*7-2  Present  Status  of  Work.  A  great  amount  of  work  has  teen  done 
on  the  subject  of  shear  strength  during  a  single  transient  load,  and,  al¬ 
though  inevitably  there  are  still  a  few  loose  ends,  much  is  now  known  con¬ 
cerning  this  subject.  The  most  glaring  gap  is  lack  of  facts  as  to  the 
causes  for  the  increase  of  strength  during  very  rapid  shearing  of  clay 
soils . 

3-7-3  Suggestions  fox  Future  Research.  The  author  does  not  wish  to 
discourage  the  elimination  of  the  loose  ends,  but  only  one  of  there  loose 
ends  seems  to  deserve  high  priority:  the  aforementioned  cause  of  the 
strain- rate  effect  in  clay  soils.  To  achieve  this  goal,  it  will  be  neces¬ 
sary  to  develop  and  validate  means  for  measuring  the  excess  pore  pressures 
within  clays  during  very  rapid  loadings. 

The  writer  has  net  attempted  to  assess  the  state  of  knowledge  concern¬ 
ing  the  dynamic  strength  of  rocks .  It  may  well  be  that  much  more  research 
is  needed  in  this  area. 

Overall,  the  most  pressing  need  is  to  show  that  the  results  developed 
in  this  chapter  can  be  applied  to  practical  problems.  Since  field  tests 
are  restricted,  this  will  mean  applying  these  results  to  the  prediction  of 
behavior  during  tests  in  the  laboratory  on  foe  ings  and  buried  structures, 
and  comparing  prediction  with  observation. 
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CHAPTER  4  ONE-DIMENSIONAL  COMPRESSIBILITY 
4.1  INTRODUCTION 

The  test  used  to  evaluate  one-dimensional  con  press ibility  (also  called 
uniaxial  strain)  is  shown  in  schematic  form  in  fig.  1.2.  The  key  feature 
of  the  test  is  that  lateral  (horizontal)  strains  are  prevented  by  a  rigid 
container  surrounding  a  cylindrical  specimen  of  soil.  Compressibility  is 
evaluated  as  the  ratio  of  axial  (vertical)  strain  to  change  in  axial 
stress.  The  result  of  such  a  test  may  also  be  expressed  in  terms  of 
constrained  modulus :  the  ratio  of  change  in  axial  stress  to  corresponding 
axial  strain.  The  apparatus  used  for  the  test  is  variously  referred  to  as 
an  pedometer  or  consolidometer . 

This  test  has  been  used  widely  as  a  basis  for  estimating  ground  mo¬ 
tions  caused  by  static  surface  loadings:  for  example,  settlements  of 
buildings.  The  primary  reason  for  such  usage  is  the  great  simplicity  of 
the  test--simplicity  both  in  the  apparatus  itself  and  in  the  testing  pro¬ 
cedures.  The  main  .justification  for  such  usage  is  that  the  resulting  esti¬ 
mates  of  settlements  have  proved  to  be  reasonably  satisfactory  for  many 
practical  problems.  However,  the  stress  and  strain  conditions  within  an 
oedometer  may  be  quite  different  from  those  within  the  soil  beneath  an 
actual  loading  (Lambe,  1964).  Hence,  estimates  of  settlements  based  on  the 
results  of  oedometer  tests  can  only  be  approximate  and  in  some  problems  may 
be  unacceptably  in  error. 

With  this  background  of  wide  usage  with  conventional  soil  engineering 
problems,  it  is  natural  that  this  same  form  of  test  has  been  used  as  a 
basis  for  estimating  ground  motions  caused  by  dynamic  surface  loadings; 
i.e.  airblast-induced  ground  motions.  Once  again  the  main  reason  for  such 
usage  is  the  simplicity  of  the  test,  and  the  primary  justification  is  that 
predictions  based  upon  results  of  such  tests  are  in  reasonable  agreement 
with  the  very  limited  field  experience.  Chapter  2  has  presented  arguments 
that  the  stress  and  strain  conditions  during  airblast-induced  ground  motion 
are  quite  similar  to  those  in  an  oedometer  test,  but  these  arguments  are 
not  entirely  convincing.  However,  it  can  be  said  that  the  oedometer  test 
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simulates  actual  field  conditions  better  than  any  other  single,  common  soil 
test . 

Section  4.2  discusses  the  adaptation  of  the  oedometer  test  to  dynamic 
loading  conditions.  Fortunately,  it  has  not  been  found  necessary  to  dupli¬ 
cate  exactly  the  very  rapid  rise  times  (about  1  msec)  experienced  at  shal¬ 
low  depth  below  an  advancing  airblast  front.  Rise  times  of  10  msec  or  even 
longer  have  proved  to  be  satisfactory.  Some  special  precautions  are  neces¬ 
sary  to  ensure  that  no  water  escapes  from  the  soil  during  loading,  so  that 
the  undrained  conditions  existing  under  the  actual  loading  are  maintained 
in  the  laboratory  test.  The  greatest  problem  has  been  that  the  soils  of 
interest  in  protective  construction  are  generally  far  stiffer  than  the 
soils  which  are  usually  tested  in  connection  with  conventional  soil  engi¬ 
neering  problems.  In  conventional  (static)  problems,  usually  there  is 
little  concern  about  settlements  unless  the  modulus  (with  drainage  per¬ 
mitted)  is  less  than  5000  psi.  On  the  other  hand,  sites  generally  will  not 
be  adequate  for  hardened  protective  construction  unless  the  average  modulus 
within  the  upper  500  ft  exceeds  50,000  psi,  because  large  explosions  cause 
high  pressures  over  a  huge  area  of  the  surface  of  the  earth.  The  emphasis 
upon  testing  stiff  soils  has  required  very  rigid  test  devices  and  special 
test  procedures. 

When  dealing  with  problems  involving  wave  propagation,  details  of 
stress-strain  behavior  become  important  which  are  of  little  consequence  to 
static  problems;  for  example,  energy  loss  during  a  cycle  of  loading.  Thus, 
testing  soil  for  weapons  effects  and  protective  construction  problems  has 
led  to  a  more  detailed  study  of  stress-strain  behavior  than  had  previously 
been  made.  Section  4.3  discusses  the  important  general  features  of  stress- 
strain  behavior  during  one-dimensional  compression,  as  learned  from  this 
intensive  study. 

As  discussed  in  Chapter  2,  for  most  ground  motion  predictions  it  suf¬ 
fices  to  characterize  the  stiffness  (or  compressibility)  of  soil  by  a 
single  parameter  such  as  a  modulus.  However,  as  the  discussion  in  section 
4.3  makes  clear,  there  is  no  such  thing  as  the  modulus  of  soil.  Rather, 
modulus  is  a  function  of  stress  level,  prior  loading  history,  etc. 
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Section  4.4  discusses  the  selection  of  a  modulus  suitable  for  typical 
actual  practical  situations. 

For  some  advanced  prediction  methods  and  for  purposes  of  research,  it 
is  necessary  to  know  typical  values  for  other  parameters  such  as  relaxation 
time,  recovery  Yatio,  etc.  Some  ranges  of  typical  velues  of  such  param¬ 
eters  are  given  in  section  4.5. 

4.2  TEST  EQUIPMENT  AND  PROCEDURES 

4.2.1  The  MIT  Tester.  Fig.  4.1  shows  the  essentials  of  the  test  de¬ 
vice  developed  at  MIT  for  dynamic  one-dimensional  compression  tests.  It 
has  the  following  key  features : 

(a)  A  uniform  axial  stress  is  applied  over  the  surface  of  the  soil  by 
fluid  pressure  acting  against  a  rubber  membrane. 

(b)  Axial  shortening  is  measured  over  the  central  portion  of  the 


Fig.  4,1  MIT  one-dimensional  compression  device 


cross -sectional  area  by  monitoring  the  motion  of  an  aluminum 
disk.  Thus  the  strains  are  determined  in  that  part  of  the  soil 
which  is  stressed  and  strained  uniformly  and  is  free  from  the 
unknown  effects  of  side  friction. 

(c)  There  is  provision  for  an  initial  static  stress,  to  simulate  the 
effect  of  natural  overburden  and  to  seat  the  specimen  against  its 
base  and  the  aluminum  disk  against  the  specimen. 

(d)  Load  increments  can  be  applied  with  a  rise  time  of  about  10  to 
15  msec. 

(e)  The  cell  is  extremely  stiff  and  contains  other  special  design 
features  as  well,  so  as  to  minimize  errors  caused  by  deformation 
of  the  cell  itself. 

(f)  The  specimens  are  sealed  so  that  there  can  be  no  drainage  of  pore 
water  during  the  loading. 

The  test  technique  involves  still  another  special  feature:  the  use  of  re¬ 
peated  loadings  so  as  to  minimize  the  effects  of  disturbance  during 
sampling . 

These  various  feat'ures  are  discussed  in  more  detail  in  the  following 
paragraphs  (also,  see  Eepovts  17  and  21). 
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Fig.  4.2  Effects  of  side 
friction 


Uniformity  of  stress  and 
strain:  In  the  ideal  oedometer 
test  there  would  be  no  shear  stress 
between  the  soil  and  the  rigid  con¬ 
tainer.  In  actual  tests  such  shear 
stresses  do  occur  (fig.  4.2a)  and 
are  referred  to  as  side  friction. 
Because  of  side  friction,  stresses 
and  strains  are  not  uniform 
throughout  the  specimen  and  in  par¬ 
ticular  the  average  axial  stress 
decreases  from  the  top  to  the  bot¬ 
tom  of  the  specimen.  In  conven¬ 
tional  static  testing,  the  axial 
stress  is  applied  through  a  rigid 
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disk  covering  the  entire  specimen  (fig.  4.2b).  Since  side  friction  acts  to 
stiffen  the  soil  near  the  wall,  the  stress  between  the  disk  and  the  soil  is 
larger  near  the  wall  than  at  the  center  line.  All  of  these  effects  compli¬ 
cate  greatly  the  interpretation  of  the  test  results.  In  order  to  minimize 
the  uncertainties  associated  with  these  effects,  the  diameter  of  a  specimen 
should  be  several  times  the  thickness.  A  ratio  of  4  to  1  is  often  used. 
Attempts  have  been  made  to  use  lubricants  between  the  soil  and  the  wall 
(for  example,  see  Aldrich,  1951)  but  the  practical  difficulties  in  their 
use  generally  overshadow  their  beneficial  effects. 

In  the  MIT  tester,  the  uncertain  effects  of  side  friction  have  been 
minimized  by  applying  stress  through  a  flexible  membrane  and  by  measuring 
strain  in  the  central  portion  of  the  specimen  where  the  strains  are  rela¬ 
tively  uninfluenced  by  side  friction.  With  this  loading  arrangement,  the 
top  surface  of  the  specimen  deflects  nonuniformly  (fig.  4.2c).  However, 
over  some  central  section  the  de¬ 
flection  is  uniform.  Introducing  a 
rigid  disk  in  this  central  section 
will  hence  not  affect  the  stress  or 
strains.  The  proper  diameter  for 
this  disk  was  determined  by  progres¬ 
sively  decreasing  the  diamecer  until 
an  increment  of  decrease  had  no  ef¬ 
fect  upon  the  measured  strains  (fig. 

4.3).  A  disk  whose  diameter  is  about  .= 

o 

one-half  the  diameter  o^  the  specimen  s 
is  apparently  the  optimum  size. 

The  movement  of  the  disk  is  de¬ 
tected  by  a  sensitive  linear  variable 
differential  transformer  (LVDT).  The 
rod  from  the  disk  to  the  LVDT  passes 
loosely  through  a  hole  in  the  upper 
block  of  the  oedometer.  It  is  impor¬ 


12  3  4  5 

Cyclt  of  Loodina 


tant  that  there  be  no  drag  force  on 
the  rod  at  this  point .  The  disk 


Fig.  4.3  Influence  of  disk  size 
on  measured  strain 
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should  be  as  light  as  possible  and  hence  is  made  of  aluminum. 

Stiffness:  If  an  axial  stress  of  IOC  psi  is  applied  to  a  specimen 
with  a  thickness  of  1  in.  and  a  modulus  of  10,000  psi,  the  resultant  change 
in  thickness  is  0.010  in.  If  the  modulus  of  the  soil  were  100,000  psi,  the 
thickness  change  would  be  only  0.001  in.  Obviously  it  is  necessary  that 
the  apparatus  used  to  house  the  specimen  be  very  stiff  so  that  the  deflec¬ 
tion  of  the  apparatus  is  much  less  than  the  thickness  changes  which  are  to 
be  measured. 

By  direct  measurement,  the  relative  movement  between  the  center  of  the 
lower  part  of  the  test  device  and  the  attachment  point  of  the  LVDT  was 
found  to  be  about  0.n0004  in.  for  a  change  of  100  psi  in  the  pressure  ap¬ 
plied  inside  the  test  device.  For  a  specimen  of  soil  with  a  thickness  of 
1  in.,  this  is  equivalent  to  a  modulus  of  2,400,000  psi.  Thus,  measurement 
of  modulus  values  up  to.  200,000  psi  can  be  made  without  being  significantly 
affected  by  lack  of  complete  rigidity  in  the  apparatus . 

One  of  the  keys  to  achieving  adequate  rigidity  is  having  direct  metal - 
to-metal  contact  between  the  upper  and  lower  halves  of  the  apparatus.  All 
earlier  devices  in  which  the  membrane  extended  entirely  across  the  inter¬ 
face  between  the  two  halves  had  insufficient  rigidity.  By  exercising 
proper  care  in  the  assembly  of  the  device  shown  in  fig.  4.1,  leakage  of  air 
pressure  past  the  membrane  can  be  held  to  a  level  which  is  insignificant 
during  a  test  of  1-hr  duration. 


Fig.  4.4  Typical  loading  sequence 


Loading  system:  In 
most  of  the  tests  which  have 
been  performed  with  the  MIT 
tester,  the  loading  sequence 
for  each  specimen  involved 
(see  fig.  4.4) : 

(a)  Application  of  an 
initial  stress. 
This  initial 
stress  simulates 
the  effect  of 
overburden  and 
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also  serves  to  give  good  seating  between  the  specimen  and  the 
bottom  of  the  container  and  between  the  specimen  and  the  disk  for 
sensing  strains. 

(b)  A  rapidly  applied  dynamic  stress  increment.  The  dynamic  modulus 
is  defined  by  the  ratio  of  change  in  stress  to  change  in  strain 
at  tne  end  of  this  increment. 

(c)  An  interval  of  constant  stress,  during  which  creep  is  observed. 

(d)  Removal  of  the  dynamic  stress  increment,  during  which  strain 
recovery  is  observed. 

(e)  Several  repetitions  of  the  dynamic  stress  increment.  Response 
during  the  second  and  next  several  cycles  is  often  found  to  be 
more  representative  of  in  situ  response  than  the  response  during 
the  first  cycle ,  since  seating  errors  are  removed  by  the  first 
cycle . 

The  elements  of  the  loading  ^^em  developed  for  ti.ese  tests  are  shown  in 
fig.  4.5.  The  space  immediately  above  the  membrane  is  filled  with  water. 


Fig.  4.5  Sketch  of  layout  for  one-dimensional  compression  tests 
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Initial  confining  stress  is  supplied  through  the  water  accumulator.  Dy¬ 
namic  stress  increments  are  applied  by  rapidly  opening  the  plug  valve  lead¬ 
ing  to  the  nitrogen,  accumulator.  Since  the  space  between  the  plug  valve 
and  the  membrane  is  filled  with  water,  only  a  small  volume  of  air  must  flow 
through  the  plug  valve  in  order  to  develop  pressure  against  the  soil,  and 
rise  times  of  10  to  30  msec  can  be  readily  obtained.  A  rubber  disk  (not 
shown)  over  the  port  to  the  water  accumulator  serves  as  a  check  valve  to 
prevent  the  dynamic  stress  from  feeding  back  into  the  confining  stress  sys- 
■  tern.  Unloading  is  accomplished  by  merely  closing  the  plug  valve  and  allow¬ 
ing  the  pressure  to  dissipate  through  the  leak  around  the  rod  to  the  LVDT. 
The  resulting  unloading  time  varies  up  to  50  sec. 

Various  other  loading  schemes  were  used  at  one  time  or  another  to  pro¬ 
vide  rise  times  as  short  as  1  to  2  msec  (see  Report  17).  However,  the  dy¬ 
namic  moduli  obtained  with  these  short  rise  times  differed  only  slightly 
from  values  obtained  using  10-  to  30-msec  rise  times.  Rise  times  less  than 
1  msec  should  not  be  used,  since  then  time  for  a  wave  to  propagate  through 
the  specimen  approaches  the  rise  time  and  hence  the  strains  become  non- 
uniform  over  the  thickness  of  the  specimen. 

In  some  tests  a  rapid  loading  and  unloading  were  desired.  This  was 
accomplished  by  means  of  a  plunger  inserted  through  a  bushing  screwed  into 
the  dynamic  pressure  inlet.  The  pressure  was  applied  by  hitting  the 
plunger  sharply.  The  entire  cycle  of  loading  and  unloading  was  completed 
in  about  30  msec. 

Testing  undisturbed  samples:  Samples  taken  in  tight-fitting  metal 
tubes  are  best  tested  by  using  the  metal  tubes  to  provide  the  lateral  con¬ 
finement,  as  shown  in  fig.  4.6.  The 
space  surrounding  the  metal  ring  is 
packed  with  sand,  primarily  to  pro¬ 
vide  support  for  the  membrane.  The 
top  and  bottom  surfaces  of  the  spec¬ 
imen  must  be  as  plane  as  possible, 
and  a  file  has  been  found  to  be  very 
useful  for  preparing  specimens  of 
stiff  soils.  With  this  arrangement, 


Fig.  4.6  Arrangement  for  testing 
undisturbed  samples 
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it  is  difficult  to  prevent  some  loss  of  water  from  the  specimen,  although 
grease  placed  around  the  bottom  of  the  metal  ring  is  of  some  help.  Tests 
on  a  variety  of  undisturbed  samples  are  reported  in  Report  17*  - 

4.2.2  Later  Versions  of  the  MIT  Tester.  Schindler  (1967)  has  de¬ 
scribed  several  evolutions  of  the  MIT  tester.  One  of  the  most  important 
advances  has  been  placement  of  the  transducer  for  measuring  strain  inside 
the  pressure  cell,  so  as  to  eliminate  the  conflicting  requirements  upon  the 
bushing  where  the  rod  to  the  transducer  passed  through  the  top  of  the  cell. 
Fig.  4.7  shows  details  of  the  arrangement  developed  at  Stanford  Research 
Institute  (Seaman,  1966),  and  fig.  4.8  shows  tn>_  compression  device  devel¬ 
oped  by  the  U.  S.  Army  Engineer  Waterways  Experiment  Station.  The  latter 
device  permits  testing  of  larger  specimens ,  thus  reducing  still  further 
errors  associated  with  side  friction  and  seating,  and  can  be  used  in  con¬ 
junction  with  a  special  loading  apparatus  for  applying  conirolled-load  time 
histories . 
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Fig.  4.8  WES  version  of  MIT  tester 
(from  Schindler,  196") 


4.2.3  Other  Test  Devices.  Test  devices  employing  a  rigid  piston  in 
contact  with  the  so:l,  as  in  the  usual  consclidometer ,  'nave  been  developed 
for  dynamic  testing. 

In  the  system  developed  at  the  University  of  Illinois  (Kane  et  al., 
1S64),  the  sample  is  held  within  a  thick  ring  and  dynamic  loading  is  ap¬ 
plied  axially  by  a  special  loading  apparatus.  A  strain  gage  placed  on  the 
thick  ring  is  used  to  sense  late,  al  stress.  This  device  can  be  used  with 
axial  stresses  of  thousands  of  psi.  Fig.  4.9  shows  a  somewhat  different 
version  of  this  device  developed  for  static  tests.  The  soil  is  contained 
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within  a  ret&l  ring  6.8  in.  in  diam¬ 
eter  .  Circumferential  strains  with¬ 
in  this  ring  are  detected  by  strain 
gages,  and  the  oil  pressure  against 
the  outside  of  the  ring  is  adjusted 
as  necessary  to  maintain  zero  lat¬ 
eral  stress.  This  arrangement  comes 
t:.e  closest  of  all  tests  to  giving 
a  true  one-dimensional  compression 
condition,  although  some  side  fric¬ 
tion  is  still  present  and  there  are 
ether  experimental  difficulties. 
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Fig.  4.10  One-dimensional  compres¬ 
sion  device  with  fluid  boundary  fig.  4.11.  This  system  worked  only 

(courtesy  United  Fesearch  Services) 

with  dry  sands. 

More  recent  developments  in  testing  systems  have  been  described  by 
Jackson  (1968). 

The  device  shown  in  fig.  4.10  has  also  been  used  for  wave  propagation 
tests  on  long  specimens;  that  is,  tests  in  which  tne  rise  time  is  short 


Fig.  4.9  Apparatus  for  accurate 
measurement  of  lateral  stress  dur¬ 
ing  one-dimensional  compression 
(from  Hendron,  i960) 

Fig.  4.10  shows  an  arrangement 
developed  by  URS  (Zacccr  and  Viallace, 
1963)-  Loading  is  applied  through  a 
piston  (buffer),  and  the  specimen  is 
contained  on  the  sides  by  a  closed 
fluid  system.  A  rubber  membrane 
separates  the  fluid  and  the  soil. 

This  arrangement  largely  eliminates 
the  side-friction  problem.  However, 
some  lateral  strain  actually  occurs 
and  there  is  no  guarantee  that  the 
lateral  strain  is  uniform  along  the 
length  of  the  specimen.  URS  also 
has  employed  a  series  of  stacked 
rings  to  provide  lateral  confinement 
in  a  manner  similar  to  that  shown  in 
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Fig.  4.11  Articulated  lateral  boundary  for 
one-dimensional  wave  propagation  tests 
(courtesy  Stanford  Research  Institute) 


compared  to  the  time  for  the  wave  to  propagate  through  the  specimen.  Other 
special  systems  for  wave  propagation  tests  have  been  developed  at  Stanford 
Research  Institute  (Seaman,  19 66),  at  IIT  Research  Institute  (Selig,  1964), 
at  Columbia  University  (Stoll  and  Ebeido,  1965)?  and  at  the  U.  S.  Army  En¬ 
gineer  Waterways  Experiment  Station.  The  SRI  system  is  shown  in  fig.  4.11. 
Lateral  confinement  is  provided  by  rings  separated  by  rubber.  The  rubber 
separators  act  to  minimize  the  effects  of  side  friction.  Tests  with  these 
devices  have  played  an  important  role  in  studying  the  applicability  of  one¬ 
dimensional  compressibility  to  the  analysis  of  wave  propagation. 


4.3  GENERAL  ASPECTS  OF  BEHAVIOR 

4.3.1  Ideal  Packings  of  Perfect  Spheres.  Considerable  insight  into 
the  stress-strain  behavior  of  soil  is  gained  from  the  theory  for  the  be¬ 
havior  of  perfectly  packed,  ideal  elastic  spheres.  The  general  formulation 
of  this  theory  is  described  by  Deresiewicz  (1958).  Hendron  has  applied 
this  theory  to  one -dimensional  compression  of  a  three-dimensional  array  of 
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Fig.  4.12  Stress-strain  curves  for  hypothetical 
one -dimensional  compression  tests  on  planar 
array  of  spheres 

spheres.  Report  19>  from  which  fig.  4.12  is  taken,  gives  results  calcu¬ 
lated  for  a  planar  array  of  spheres. 

'During  one-dimensional  compression  of  such  an  array,  the  centers  of 
all  spheres  move  only  in  the  direction  of  the  compression.  There  is,  of 
course,  elastic  distortion  of  the  spheres  as  the  result  of  the  .forces  be¬ 
tween  the  spheres.  However,  compatibility  requires  that  there  also  be 
sliding  between  spheres  at  the  contacts.  Thus  shear  forces,  whose 
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magnitudes  are  determined  by  the  coefficient  of  friction,  develop  at  the 
contacts.  Because  of  th^se  shear  forces,  the  lateral  (horizontal)  stress 
necessary  to  preserve  the  one-dimensional  condition  is  different  than  the 
axial  (vertical)  stress  applied. 

When  the  loading  begins  with  the  initial  stress  cQ  -  0  (fig.  4.12a), 
sliding  between  spheres  begins  immediately.  The  resulting  shear  forces  are 
such  that  the  lateral  stress  is  less  than  the  vertical  stress  a v 

during  the  loading.  As  the  loading  progresses,  it  becomes  progressively 
more  difficult  to  distort  the  spheres  and  hence  to  cause  sliding  between 
spheres,  and  t'nur  the  array  becomes  progressively  stiffer — as  shown  by  the 
increasing  tangent  modulus.  During  unloading,  the  spheres  begin  to  regain 
their  original  shape  and  compatibility  requires  that  there  be  reversed 
sliding.  Thus  the  shear  forces  at  the  contacts  reverse  in  direction,  and 
the  lateral  stress  becomes  greater  than  the  axial  stress.  When  the  stress 
is  entirely  removed,  the  array  returns  to  its  original  condition;  i.e. 
there  is  no  permanent  strain.  However,  the  loading  and  unloading  have  re¬ 
sulted  in  a  hysteresis  loop,  and  hence  energy  has  been  lost  during  the 
cycle  of  loading. 

When  the  loading  starts  with  oq  >  0  (fig.  4.12b),  there  is  an  ini¬ 
tial  transition  phase  during  which  the  frictional  resistance  provided  by 
the  initial  stress  is  gradually  overcome  and  sliding  between  spheres  devel¬ 
ops.  During  this  initial  phase  the  tangent  modulus  decreases.  Once  slid¬ 
ing  between  spheres  is  fully  developed,  the  behavior  is  similar  to  that 
described  in  the  previous  paragraph  except  that  a  permanent  strain  remains 

after  the  stresses  are  returned  to  the  initial  stress  a  .  A  closed 

o 

hysteresis  loop  will  develop  during  a  second  cycle  of  loading. 

4.3.2  Dry  Granular  Soils .  Dry  soils  experience  the  same  phenomena  as 
ideally  packed  elastic  spheres,  plus  one  additional  phenomenon:  progres¬ 
sive  rearrangement  of  particles  into  tighter  packings.  Thus  strains  within 
actual  granular  systems  during  loading  are  greater  than  those  within  the 
ideal  system,  and  the  permanent  strains  after  unloading  are  also  greater. 
This  difference  of  course  arises  because  the  irregular  shape  and  unequal 
size  of  the  particles  within  an  actual  soil  preclude  ideal  packings  of  the 
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particles .  The  irregularly  shaped  particles  are  a.1  so  more  susceptible  to 
breakage  than  perfect  spheres. 

Virgin  loading:  Fig.  4.13  shows  observed  stress-strain  curves  for  a 


uniform  rounded  sand. 
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Fig.  4.13  Behavior  of  Ottawa  sand  during  initial  loading  in 
one -dimensional  compression 


Below  a  stress  of  about  2000  psi,  the  stress-strain  curve  shows  an  up 
ward  concavity  (stiffening  behavior),  and  the  tangent  modulus  increases 
steadily  with  increasing  stress.  The  major  cause  of  strain  presumably  is 
rearrangement  of  particles  due  to  gross  sliding  at  contact  points.  As  the 
stress  level  increases,  the  effect  of  every  rearrangement  is  to  produce  a 
more  stable  packing  of  particles  which  is  more  resistant  to  further 
deformation. 


At  a  stress  level  of  about  2000  psi,  there  begins  a  decrease  in  the 
tangent  modulus.  Individual  grains  break  down,  permitting  a  still  denser 
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arrangement  of  the  mineral  matter, 
and  eventually  the  modulus  once 
again  rises  with  increasing  stress. 

The  generai  pattern  shown  in 
fig.  4.13  is  exhibited  by  all  sands. 
Fig.  4.l4  gives  curves  of  tangent 
modulus  versus  stress  for  four  dif¬ 
ferent  sands  placed  initially  at  two 
different  relative  densities.  When 
a  sand  is  in  a  loose  condition, 
there  are  fewer  points  of  contact 
than  when  the  sand  is  in  a  dense 
condition.  Hence  for  a  given  over¬ 
all  stress  the  contact  stresses  are 


Fig.  4 .14  Behavior  of'  several  sands  greater  in  the  loose  condition,  and 
during  one-dimensional  compression  ....  ,  , 
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(from  Hendron,  1963)  °-”ushlng  oeglns  8t  a  smaller  0',era11 

stress.  The  crushing  effect  is  min¬ 
imized  when  the  sand  is  well  graded,  for  then  there  are  many  contacts  and 
hence  relatively  small  contact  stresses.  Crushing  begins  at  lower  stresses 
when  the  sand  is  composed  of  angular  particles. 

The  curves  in  figs.  4.13  and  4.l4  do  not  define  clearly  the  stress- 
strain  behavior  for  very  small  stress  increments  such  as  1  to  5  psi.  The 


behavior  with  such  small  stress  increments 
is  studied  in  detail  in  Report  21,  and  a 
typical  pattern  is  shown  in  fig.  4.15.  Ini¬ 
tially  there  is  a  yielding  type  of  stress- 
strain  curve  as  sliding  at  contacts  develops 
gradually.  Thus  initially  the  modulus  de¬ 
creases  and  only  after  this  initial  transi¬ 
tion  stage  does  the  stress-strain  curve  be¬ 
come  concave  to  the  stress  axis.  The  ex¬ 
tent  of  this  initial  yielding  zone  depends 
upon  the  initial  stress,  increasing  as  the 
initial  stress  increases.  For  very  compact 
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Fig.  4.15  One-dimensional 
stress-strain  curve  for 
small  stress  increments 


132 


natural  sands  (especially  if  some  cementing  has  occurred),  this  initial 
yielding  range  may  be  quite  appreciable.  Yielding  behavior  of  the  type 
shown  in  fig.  4.15  also  rnay  be  observed  whenever  a  loading  is  resumed  after 
the  stress  has  been  held  constant  at  some  level  for  a  period  of  time. 

Unloading  and  reloading:  Fig.  4.16  illustrates  the  expansion  and  re¬ 


compression  of  sand  as  the  result  of  remov¬ 
ing  the  applied  stress  when  it  reaches  some  s 

N 

level ,  and  then  once  again  increasing  the  * 
stress  beyond  this  level.  There  are  three  2 

K 

salient  facts:  (a)  the  unloading  and  re-  “ 

< 

loading  branches  are  considerably  steeper  * 
than  the  virgin  loading  branch;  (b)  a  hys¬ 
teresis  effect  is  present;  and  (c)  a  net 
compressive  strain  develops  as  the  result 
of  unloading  and  reloading.  The  greatest 
part  of  the  strain  recovery  during  unload- 
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Fig.  4.l6  One- dimensional 
stress-strain  behavior  dur¬ 
ing  unloading  and  reloading 
(from  Taylor,  1946) 


Fig.  4.17  One-dimensional  stress- 
strain  curves  for  very  loose  sand 
and  gravel  (from  Heierli,  1962) 


ing  occurs  only  after  the  stress 
level  falls  close  to  zero  total 
stress.  When  loading  is  continued 
beyond  the  level  from  which  the  un¬ 
loading  occurred,  the  stress-strain 
curves  follow  much  the  same  path  as 
would  have  been  found  for  a  contin¬ 
uous  virgin  loading. 

The  curves  in  fig.  4.16  imply 
that  energy  loss  occurs  during  a 
cycle  of  loading  and  unloading.  The 
energy  loss*  during  a  virgin  cycle  of 
loading  and  unloading  will  vary 
greatly  with  the  initial  density  of 
the  sand.  Fig.  4.17  shows  stress- 
strain  curves  fcr  a  sand  and  a 


*  Here  energy  loss  is  defined  as  the  ratio  of  the  area  enclosed  by  the 
loadinf -unloading  curve  to  the  area  under  the  loading  curve. 
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AXIAL  STRAIN,  % 

Fig.  4.18  Effect  of  unloading 
and  reloading  during  repeated 
one-dimensional  compression 


gravel,  both  in  an  extremely  loose  state, 
and  indicates  that  the  energy  loss  ap¬ 
proaches  100$  for  such  cases.  For  a 
f-nse  sand,  the  energy  loss  during  virgin 
loading  and  unloading  is  more  like  50$. 

Repeated  loading:  Fig.  4.1.8  illus¬ 
trates  the  stress-strain  behavior  when 
the  stress  is  cycled  several  times.  The 
hysteresis  loop  for  the  second  cycle  of 
loading  and  unloading  shows  less  net 
strain  than  does  the  first  cycle.  The 
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not  there  is  a  net  accumulation  of 

,  ,  Fig.  4.19  Secant  modulus  versus 

strain  per  cycle  that  is,  it  appears  ,  _  ,  ,  . 

*  number  of  repeated  loadings 

that  the  hysteresis  loops  have  become 

stabilized,  as  shown  in  fig.  4.20  (see  Report  17).  However,  it  has  been 
observed  that  strains  still  continue  to  increase  even  after  10°  cycles. 

Time  effects :  Creep  occurs  in  a  dry  sand  following  u  very  rapid  ap¬ 
plication  of  stress,  as  illustrated  in  fig.  4.21.  The  rise  time  in  tnese 


AVE.  FOR  2nd 
'CYCLE;A«j*IOp 


AVE.  FOR  I  <1 
'  CYCLE  ;Ao; -10  p 


NOTE'  AVERAGE  CURVES  HAVI 
BEEN  DRAWN  THROUGH 
SCATTERED  DATA 

O' - - —I - - 1 - 1 _ 1 _ 

0  20  40  60  SO  100  120 

INITIAL  STRESS, pti 

Fig.  4.19  Secant  modulus  versus 
number  of  repeated  loadings 
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Fig.  4.20  Hysteresis  loops 
after  about  500  cycles  in 
one-dimensional  compression 


Fig.  4.21  Creep  during  rapid 
one-dimensional  compression 
tests 
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tests  was  about  10  msec,  and  though  creep  continued  at  a  slow  rate  for  sev¬ 
eral  minutes,  most  of  the  creep  occurred  within  50  to  100  msec.  The  same 
time  effect  shown  by  creep  tests  appears  as  a  time  lag  between  peak  stress 
and  peak  strain  during  cyclic  loading  (Seaman,  19 66).  Results  indicate 
that  time  effects  are  most  pronounced  when  the  stress  increment  is  small; 
i.e.  when  the  increment  is  of  the  same  order 
of  magnitude  as  that  required  to  develop  the 
yielding  effect  shown  in  fig.  4.15;  see 
fig.  4.22. 

Such  time-dependent  effects  can  be  exam¬ 
ined  from  two  viexqpoints :  (a)  the  effect  of 

rise  time  on  modulus ,  where  modulus  is  defined  5  1 
as  the  ratio  of  stress  to  strain  during  and  at 
the  very  end  of  the  loading,  and  (b)  the  need 
for,  and  suitable  numerical  values  for  the 
constants  of,  viscous  elements  in  a  rheo¬ 
logical  model  of  soil. 

The  secant  modulus  of  dry  sand  during  a  rapid  loading  (say  10-msec 
rise  time)  is  distinctly  greater  than  that  for  a  slow  loading  (several 
minutes  rise  time).  Report  21  suggests  that  the  increase  might  typically 
be  about  40$.  Examination  of  fig.  4.21  indicates  that  rise  times  in  tne 
range  of  10  to  50  msec  would  give  values  of  modulus  differing  by  only  about 
5$,  except  for  small  stress  increments  during  the  first  loading.  Such  a 
small  difference  is  insignificant  for  practical  purposes.  It  should  be 
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INCREMENT  OF  STRAIN 

Fig.  4.22  Loading  rate 
versus  one-dimensional 
stress-strain  behavior 


noted  that  the  ratio  of  dynamic  to  static  moduli  of  sand  cannot  be  deter¬ 
mined  from  tests  with  a  rapid  stress  increase  followed  by  creep  during  con¬ 
stant  stress,  since  the  strain  in  such  tests  at  the  termination  of  creep 
has  been  found  to  be  less  than  the  strain  at  the  end  of  a  slew  loading  to 
the  same  stress  (see  Report  21). 

Fitting  rheological  models  to  observed  results  is  discussed  in  Report 
17  and  in  Seaman  (1966).  A  useful  model  is  illustrated  in  fig.  2.4-1. 

Lateral  stresses:  Hendron  (1963 )  has  obtained  excellent  data  concern¬ 
ing  the  relation  between  lateral  a,nd  axial  stresses.  Fig.  4.23a  shows  a 

typical  set  of  data.  During  loading, 
the  ratio  of  these  stresses  is  almost 
constant.  During  unloading,  however, 
the  ratio  progressively  increases  and 
near  the  end  of  unloading  this  ratio 
exceeds  unity.  Values  of  this  ratio 
during  unloading  are  plotted  in 
fig.  4.23b,  where  overconsolidation 
ratio  denotes  the  ratio  of  the  maxi¬ 
mum  previous  vertical  stress  to  the 
present  vertical  stress. 

Summary :  Dry  granular  soils  ex¬ 
hibit  yielding  in  one-dimensional 
compression  for  very  smaxl  stress 
increments,  stiffening  behavior  for 
large  stress  increments-  relatively  low  recovery  of  strain  during  unload¬ 
ing,  and  hysteresis  loops  during  repeated  loadings.  These  features,  plus 
that  of  the  ratio  of  lateral  to  axial  stress,  can  be  understood  quali¬ 
tatively  from  the  theoretical  behavior  of  ideally  packed  spheres.  Quanti¬ 
tatively,  the  behavior  is  influenced  greatly  by  the  size,  shape,  and  grada¬ 
tion  of  the  particles  composing  the  actual  soil. 

4.3.3  Other  Soils .  Natural  soils  and  soft  rocks  exhibit  the  same 
general  stress-strain  features  as  do  dry  granular  soils.  The  influence  of 
pore  water  and  of  fine-grained  soil  particles  is  discussed  in  the  following 
paragraphs . 
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Fig.  4.23  Lateral  stress  during 
one -dimensional  compression 
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Fully  saturated  soil;  In  a  dry  soil,  the  resistance  of  the  mineral 
skeleton  to  compression  is  much  greater  than  the  resistance  of  the  pore  air 
to  compression.  Thus,  when  a  dry  soil  is  compressed  the  air  in  the  pore 
spaces  offers  negligible  resistance  to  compression. 

However,  if  the  pore  spaces  are  completely  filled  with  water,  just  the 
reverse  situation  prevails:  the  compressive  resistance  of  the  water  now 
exceeds  the  compressive  resistance  of  the  mineral  skeleton  (hot  to  be  con¬ 
fused  with  the  compressive  resistance  of  the  minerals  composing  the  mineral 
skeleton).  Neglecting  the  very  small  compressibility  of  the  mineral  parti¬ 
cles  (the  compressibility  is  much  less  than  that  of  water),  the  compressi¬ 
bility  of  a  fully  saturated  soil  is: 


Unit  compressibility  =  n/Bw 


where 


porosity 
B  "  -  bulk  modulus  of  water 


n 
.  w 


With  n  =  0.4  and  Bw  =  300,000  psi,  the  unit  compressibility  is 

-6 

1.4  x  10  per  psi.  Thus  for  stress  changes  up  to  several  hundred  psi,  the 
compression  of  fully  saturated  soil  is  very  small  and  difficult  to  measure 
with  great  accuracy. 

The  foregoing  discussion  presumes  that  there  is  no  movement  of  pore 
water  out  of  the  soil  during  compression;  tnat  i i ,  that  the  loading  is  un¬ 
drained  (see  Chapter  1).  The  undrained  condition  generally  exists  during 
a  blast  loading.  During  a  loading  so  slow  as  to  permit  full  drainage,  a 
fully  saturated  soil  may  be  very  compressible — just  as  a  dry  soil. 

Fartiall,-y  saturated  soil:  When  the  pore  space  is  filled  partly  with 
gas  and  partly  with  water,  the  behavior  during  compression  is  more  compli¬ 
cated.  For  small  stress  changes,  the  stress-strain  relation  is  governed 
primarily  by  the  resistance  of  the  mineral  skeleton.  However,  under  very 
large  stress  changes  the  gas  will  become  first  highly  compressed  and  then 
dissolved  in  the  pore  water  so  tnat  the  soil  becomes  fully  saturated.  Thus 
a  partially  saturated  soli  may  be  quite  compressible  for  small  stress 
changes  and  then  rather  suddenly  change  to  a  highly  resistant  material. 
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This  pattern  of  beiiavior  is  ijlus- 
trated  in  fig.  h.2b.  As  the  initial 
degree  of  saturation  increases,  the 
strain  required  to  bring  the  soil  to 
full  saturation  decreases  and  the 
transition  from  a  compressible  to  a 
compression-resistant  material  be¬ 
comes  more  abrupt. 

It  is  possible  to  write  approxi¬ 
mately  correct  equations  relating  ap¬ 
plied  stress  to  the  amount  by  which 
the  pore  gas  compresses  and  dis¬ 
solves  (see  Chapter  5  and  NUCLEAR 
GEOPLOSICS),  and  these  equations  can 
be  used  to  study  the  transition  from 
partial  to  full  saturation.  The  re¬ 
sults  of  calculations  based  on  these 
equations  are  useful  for  identifying 
the  range  of  the  variables  for  which  the  resistance  of  both  the  mineral 
skeleton  and  the  pore  phase  is  important.  A  typical  set  of  results  is 
given  in  fig.  U.25;  results  for  ether  initial  pore  pressures  have  a  siiitilar 
pattern  with  the  boundary  between  zones  A  and  B  shifting.  If  the  condi¬ 
tions  of  interest  to  any  particular  problem  fall  within  zone  B,  it  is  es¬ 
pecially  important  to  duplicate  closely  the  initial  in  situ  conditions 
(initial  pore  water  pressure,  initial  effective  stress,  degree  of  satura¬ 
tion)  if  a  laboratory  test  is  to  give  an  accurate  stress-strain  curve.  By 
the  same  token,  values  of  modulus  measured  for  conditions  corresponding  to 
zone  B  must  be  regarded  with  some  skepticism  until  the  validity  of  such 
measurements  is  confirmed  by  field  experience. 

Unfortunately,  it  is  difficult  by  conventional  soil  mechanics  tests  to 
establish  the  initial  in  situ  degree  of  saturation  with  great  accuracy.  It 
is  not  uncommon  for  a  laboratory  following  the  very  best  of  practice  to  re¬ 
port  98$  (or  102$)  saturation  when  the  actual  saturation  is  essentially 
100$.  Accurate  measurement  of  undrained  modulus  provides  a  sensitive  test 


Fig.  k.2b  Dynamic  one-dimensional 
stress-strain  curves  for  compacted 
silty  clay  (from  Hendron,  Davisson, 
and  Parola,  1^69) 
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Fig.  4.25  Pattern  of 
■behavior  for  undrained 
loading  of  partially 
saturated  soil 


TONE  A:  RESISTANCE  OF  PORE  PHASE  UNIMPORTANT.  AND  SOIL  DOES  NOT  BE¬ 
COME  FULLY  SATURATED  DURING  LOADING.  SECANT  MODULUS  FOR 
UNDRAINED  LOADING  ESSENTIALLY  THAT  OF  MINERAL  SKELETON. 

ZONE  B:  RESISTANCE  OF  PORE  PHASE  IMPORTANT  AND  SOIL  BECOMES  FULLY 
SATURATED  DURING  LOAOING.  SECANT  MODULUS  FOR  UNDRAINED 
LOAOING  INTERMEDIATE  BETWEEN  THAT  FOR  FULLY  SATURATEO 
SOIL  AND  FOR  MINERAL  SKELETON. 

ZONE  C:  SECANT  MOOULUS  FOR  UNDRAINED  LOADING  NEARLY  EQUAL  TO  THAT 
OF  FULLY  SATURATED  SOIL. 

APPLIES  FOR  SECANT  MODULUS  OF  MINERAL  SKELETON  «*  30.000  PSI  ANO  INITIAL 

PORE  PRESSURE  =  130  PSIA. 


for  full  saturation;  if  the  measured 
secant  modulus  of  a  soil  is  200,000 
psi  or  greater  during  a  stress  change 
of  several  hundred  psi,  the  degree  of 
saturation  is  essentially  lOOjo.  Fig. 
4.2b  shows  a  hydrostatic  compression 
apparatus  devised  for  special  tests 
to  determine  whether  undisturbed  sam¬ 
ples  of  natural  soils  are  essentially 
fully  saturated.*  The  chamber  sur¬ 
rounding  the  soil  is  filled  with  oil, 

Fig.  4.26  Triaxial  cell  for 
bulk  modulus  measurements 
(courtesy  of  MIT) 


*  Unpublished  reports  by  the  writer. 
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which  will  not  penetrate  into  saturated  soil.  The  change  in  volume  of  the 
soil  can  thus  be  determined  by  monitoring  the  volume  of  oil  which  flows 
into  the  inner  chamber  when  pressure  is  applied.  The  inner  container  is 
subjected  to  the  same  pressure  on  both  sides;  hence  this  chamber  experi¬ 
ences  only  very  small  dimensional  changes  as  the  applied  pressure  changes 
and  the  associated  corrections  for  these  dimensional  changes  are  very 
small.  Since  the  sample  need  not  be  trimmed  or  seated  and  since  no  trans¬ 
ducing  element  need  have  contact  with  the  soil,  the  major  sources  of  error 
in  modulus  measurements  are  eliminated.  Since  no  membrane  need  be  placed 
around  the  sample,  there  is  no  danger  of  trapping  air  adjacent  to  the  sur¬ 
face  of  the  sample  as  jacketing  is  applied. 


Shape  of  stress-strain  curves:  As  illustrated  by  the  curves  in 
fig.  4.24,  for  very  large  stress  changes  the  stress-strain  curves  of  nat¬ 
ural  soils  are  concave  to  the  stress  axis  (stiffening  behavior).  However, 
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VERTICAL  STRAIN,  V. 

Fig.  4.27  Dynamic  one- 
dimensional  stress - 
strain  curve  for  undis¬ 
turbed  sample  of  till 
(from  Jackson,  19^8) 


for  smaller  stress  changes  natural  soils 
generally  exhibit  yielding  behavior  during 
one -dimensional  compression  (fig.  4.2?)  to 
a  much  greater  degree  than  for  dry  granu¬ 
lar  soils.  Figs.  4.28-4.30  present  a  typ¬ 
ical  set  of  curves  for  compacted,  par¬ 
tially  saturated  silt,  showing  that  even 
for  quite  large  stress  changes  the  tangent 
and  secant  moduli  generally  are  consider¬ 
ably  less  than  the  initial  tangent  mod¬ 
ulus.  The  more  pronounced  initial  yield¬ 
ing  behavior  in  natural  soils  as  compared 
with  granular  soils  results  partially  from 
weak  cementation  formed  within  natural 
soils  and  partially  because  soils  with 


fine-grained  particles  have  a  greater 


"remembrance"  of  past  loadings. 


Time  effects :  Creep  and  other  time-dependent  effects  are  generally 
somewhat  more  important  in  natural  soils  than  in  dry  granular  soils.  How¬ 
ever,  the  difference  in  behavior  is  not  great.  Fig.  4.31  compares  curves 


Dynamic  axial  stress,  p$1 


Fig.  4.29  Secant  modulus  versus  dynamic  axial  stress 
100-psi  surcharge  (from  Calhoun  and  Kraft,  1966) 


VERTICAL  STRESS,  PS  I 


Dynamic  axial  stress,  psl 


Fig.  4.30  Tangent  modulus  versus  dynamic  axial  stress, 
100-psi  surcharge  (from  Calnoun  and  Kraft,  1966) 


Fig.  4.31  Static  and  dynamic 
one -dimensional  stress-strain 
curves  for  undisturbed  sample 
of  till  (from  Jackson,  1968) 

effects  may  be  observed  if  results  from 
a  rapid  (and  hence  undrained)  loading 
are  compared  with  results  from  a  slow 
loading  during  which  drainage  occurs. 


from  a  static  undrained  loading  test  and  a 
test  with  a  rise  time  of  about  10  msec. 

At  a  given  stress,  the  strains  during 
rapid  loading  are  from  20  to  50$  smaller 
than  those  achieved  by  a  slow  undrained 
loading.  Fig.  4.32  illustrates  creep  in 
natural  soils  following  a  rapid  loading 
(compare  with  fig.  4.21). 

Of  course  very  large  time-dependent 


T.ME  FROM  START  OF  LOADING.,  mi«c 


Fig.  4.32  Creep  during  one¬ 
dimensional  compression  of 
natural  soils  (from  Report  17) 


Other  effects :  Other  phenomena  observed  in  dry  granular  soils  and 
discussed  in  section  4.3-2  are  also  found  to  similar  degree  in  natural 
soils:  behavior  during  unloading  and  reloading,  energy  loss  during  re¬ 
peated  loadings,  lateral  stresses,  etc.  Hendron  and  Davisson  (1964)  show 
that  the  ratio  of  lateral  to  axial  stress  increases  significantly  as  the 
degree  of  saturation  approaches  100$. 

4.4  EVALUATION  OF  CONSTRAINED  MODULUS 

As  discussed  in  Chapter  2  and  as  noted  in  the  introduction  to  this 
chapter,  the  single  most  important  stress-strain  parameter  for  ground 
motion  predictions  is  constrained  modulus.  Unless  a  reasonably  accurate 
estimate  can  be  made  for  the  ratio  of  peak  stress  to  peak  strain,  no  method 
of  ground  motion  prediction— however  sophisticated-can  give  accurate 
predictions . 

At  the  present  time,  the  most  practical  and  versatile  tool  for  evalu¬ 
ating  constrained  modulus  for  blast  loading  conditions  is  the  oedometer 
test  as  described  in  this  chapter.  However,  the  discussion  in  section  4.3 
has  shown  that  modulus,  in  addition  to  being  a  function  of  both  initial 
stress  and  stress  change,  is  also  affected  by  many  other  details  of  the 
test  procedure.  Moreover,  the  applicability  of  modulus  as  measured  in  the 
laboratory  is  seriously  affected  by  the  quality  of  the  sample.  Hence,  it 
generally  is  best  to  supplement  such  results  with  those  from  other  types  of 
tests.  In  situ  measurements  of  dilatational  wave  velocity  and  resonant 
column  tests  on  undisturbed  samples  are  useful  for  establishing  an  upper 
bound  for  the  stiffness  of  the  soil.  Plate  bearing  tests  may  also  be  use¬ 
ful.  In  short,  the  engineer  should  use  every  means  at  his  disposal  to  ob¬ 
tain  quantitative  measures  of  the  stiffness  of  the  soil,  and  then  must 
apply  his  judgment  in  selecting  the  most  suitable  value. 

There  is,  of  course,  considerable  experience  in  the  selection  of  a 
suitable  value  of  constrained  modulus  for  use  in  prediction  of  settlements 
under  static  loads.*  For  the  more  compressible  soils,  where  average  strains 
under  static  loading  exceed  1$,  there  has  been  reasonably  good  success  in 

*  The  use  and  abuse  of  constrained  modulus  (or  compressibility)  with 
regard  to  settlement  estimates  are  discussed  in  Lambe  and  Whitman  (1968). 
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the  prediction  of  settlement  on  the  basis  of  a  modulus  (or  compressibility) 
from  oedometer  tests  on  undisturbed  samples,  provided  cf  course  that  good 
sampling  and  testing  techniques  were  employed.  Based  on  an  analysis  of 
some  20  cases  in  which  a  comparison  of  predicted  and  observed  settlements 
has  been  made,  the  average  expected  error  is  about  20$  and  an  overestimate 
is  as  likely  as  an  underestimate.  For  less  compressible  soils,  where  aver¬ 
age  strains  fall  between  0.1  and  1.0$,  there  has  been  less  success.  The 
average  expected  error  would  appear  to  be  30$  or  greater,  and  there  is  a 
consistent  tendency  to  overestimate  the  settlement.  For  the  very  stiff 
soils,  predictions  of  settlement  based  on  laboratory  oedometer  tests  gener¬ 
ally  are  much  greater --usually  several  times  or  even  an  order  of  magnitude 
greater--than  observed  settlements.  In  all  cases,  even  those  involving 
rock,  observed  settlements  exceeded  those  predicted  using  a  modulus  derived 
from  in  situ  seismic  level  dilatational  velocity.  For  the  stiffer  mate¬ 
rials,  modulus  derived  from  the  second  or  later  cycle  of  a  repeated-loading 
plate  bearing  test  has  often  been  found  to  lead  to  reasonably  accurate 
settlement  predictions . 

From  this  experience  with  static  settlement  predictions,  it  should  be 
expected  that  no  one  single  rule  can  be  used  for  selecting  constrained 
modulus  for  use  in  blast  loading  problems. 

4.4.1  Recommended  Procedures  in  Case  of  Compressible  Soils .  Three 
types  of  modulus  determinations  should  be  made:  (a)  in  situ  measurement  of 
seismic  level  dilatational  wave  velocity;  (b)  measurement  of  wave  velocity 
(in  resonant  column  tests  or  by  pulse  techniques)  in  the  laboratory  using 
good  undisturbed  samples  reconsolidated  to  the  in  situ  effective  stress; 
and  (c)  oedometer  tests  on  Oood  undisturbed  samples,  using  apparatus  and 
techniques  which  minimize  seating  and  testing  errors.  Tests  (a)  and  (b) 
are  both  aimed  at  establishing  modulus  for  the  case  in  which  the  stress  in¬ 
crement  is  smaller  than  the  initial  effective  stress.  Young's  modulus  as 
computed  from  a  rod  velocity  must  be  corrected  into  a  corresponding  con¬ 
strained  modulus  using  either  an  assumed  value  of  Poisson's  ratio  or  a 
value  of  Poisson's  ratio  deduced  by  comparing  shear  and  rod  wave  velocities 
as  measured  in  laboratory  tests  or  shear  and  dilatational  velocities  as 
measured  in  situ.  Test  (c)  provides  values  of  secant  modulus,  evaluated 
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starting  from  an  initial  consolidation  stress,  generally  determined  from 
the  initial  loading.  The  program  of  oedometer  tests  must  include  stress 
increments  spanning  the  range  of  stress  increments  expected  in  the  actual 
problem.  If  the  soil  deposit  is  uniform,  samples  may  come  from  only  one 
depth,  but  various  samples  must  then  be  consolidated  under  various  effec¬ 
tive  stresses  typical  of  the  depths  of  interest.  Alternatively,  samples 
may  be  taken  from  various  depths  and  then  placed  under  the  total  stress 
existing  at  that  depth. 

Fig.  4.33a  shows  a  set  of  results  from  such  a  program  of  tests.  The 
constrained  moduli  as  deduced  from  the  in  situ  dilatational  and  laboratory 
rod  velocities  do  not  agree  exactly,  either  because  of  difference  in  the 
magnitude  of  the  dynamic  stress  or  because  of  testing,  measurement,  and 
disturbance  errors  in  one  or  both  procedures.  Below  the  15-ft  depth,  the 
secant  constrained  modulus  as  measured  in  oedometer  tests  with  a  stress 
increment  of  100  psi  is  similar  to  the  constrained  modulus  for  small  stress 
increments.  At  shallower  depth  and  for  larger  stress  increments,  modulus 
from  the  oedometer  tests  is  definitely  less  than  that  measured  using  small 
stress  increments. 

To  use  such  results,  it  is  necessary  to  estimate  the  peak  vertical 
stress  as  a  function  of  depth.  A  typical  curve  applying  for  a  problem  in¬ 
volving  a  large  HE  detonation  is  shown  in  fig.  4.33b.  The  solid  curve  in 
fig.  4.33a  shows  the  estimated  variation  of  effective  modulus  with  depth 
1  (Hendron,  1965)-  This  approach  generally  follows  that  suggested  earlier 

by  Wilson  and  Sibley  (1962 ) . 

4.4.2  Experimental  Verification  of  Procedure  for  Selecting  Modulus. 
The  validity  of  modulus  values  selected  according  to  these  procedures  is 
best  checked  by  comparing  peak  vertical  stress  with  peak  vertical  particle 
velocity,  using  Equation  2.4.  This  comparison  is  best  made  right  at  the 
loaded  surface  of  a  soil  deposit  or  column  of  soil,  because  the  peak  stress 
is  known  with  greatest  certainty  at  the  surface.  The  comparison  may  be 
made  at  depth  provided  that  there  are  satisfactory  measurements  of  the 
stress  increment  at  depth. 

Laboratory  tests;  Table  4.1  summarizes  comparisons  between  particle 
velocities  observed  at  the  top  of  che  soil  column  shown  in  fig.  4.11,  using 
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Table  4.1 

Comparison  of  Predicted  and  Observed  Particle 
Velocities  in  Laboratory  Tests 


w 

Peak 

°v 

Effective 

CD 

(*>mx  • 

cm/ sec 

Ratio  of 
Observed  to 

Soil* 

L 

£Si_ 

37 

nvAsec 

Predicted 

Observed 

Predicted  (w) 

1. 

Kaolinite 

32 

80 

181 

130 

0.72 

2. 

Kaolinite 

19 

75 

230 

133 

116 

0.87 

3. 

Vicksburg  clay 

27 

84 

270 

126 

110 

0.87 

4. 

Vicksburg  clay 

24 

162 

330 

182 

140 

0. 77 

5> 

iJand 

0 

67 

360 

79 

4o 

0.51 

6. 

£and 

0 

127 

370 

145 

175 

1.21 

*  Data  for  soils  1  through  5  from  Seaman  (1966);  data  for  soil  6  from 
Seanan  and  Whitman  (1964).  Data  for  all  except  soil  5  were  obtained 
about  15  cm  below  the  surface;  data  for  soil  5  were  obtained  about 
60  cm  below  the  surface. 

a  falling  weight  to  apply  dynamic  loads,  with  particle  velocities  predicted 
using  constrained  moduli  evaluated  in  the  device  shown  in  fig.  4.7.  The 
modulus  used  for  the  predictions  was  the  secant  modulus  to  the  peak  stress, 
for  a  sample  initially  under  the  static  stress  at  the  depth  of  the  measur¬ 
ing  gage.  The  best  and  most  complete  data  are  for  soil  3,  for  which  the 
error  between  predicted  and  observed  values  is  13 %•  Larger  errors,  with 
the  observed  value  generally  being  less  than  the  predicted  value,  occurred 
for  the  other  soils.  There  were  a  number  of  experimental  difficulties  in 
these  tests,  including  the  measurement  of  both  stress  and  particle  veloc¬ 
ity,  and  some  of  these  difficulties  would  tend  to  make  the  measured  veloc¬ 
ity  systematically  less  than  the  predicted  velocity.  However,  the  results 
justify  the  conclusion  that  the  peak  particle  velocity  can  be  predicted 
within  about  30fo. 

Field  observations :  Table  4.2  presents  results  applicable  to  the 
playa  silt  at  the  Frenchman  Flat,  Neve.dc..  test  site  of  the  Atomic  Energy 
Commission.  The  first  line  of  values  in  the  table  gives  the  modulus  deter¬ 
mined  principally  from  measurements  of  peak  vertical  particle  velocity  a 
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Table  4.2 

Constrained  Modulus  for  Frenchman  Flat  Silt 


Deduced  from  observed  ground  motions 

Calculated  from  seismic  velocity 

Measured  by  dynamic  cne-dimensional 
compression  tests 

Calculated  from  modulus  measured  in 
triaxial  tests* 

Calculated  from  resonant  column  test* 
Calculated  from  plate  bearing  tests* 


Constrained 


MOu.UJ.US  , 

Depth,  0-60  ft 

psi  X  XU 

Depth,  >60  ft 

14 

80 

35 

150 

10 

20  (initial 
loading ) 

8 

15  (initial 
loading) 

4o 

65  (reloading) 

4o 

110 

8 

—  (initial 

loading) 


*  Using  Poisson's  ratio  of  0-3* 


few  feet  below  the  surface.  The  remaining  lines  give  values  of  modulus  as 
deduced  from  various  field  and  laboratory  tests.  The  moduli  determined 
from  in  situ  and  laboratory  wave  propagation  measurements  at  small  strains 
are  definitely  greater  than  the  secant  in  situ  modulus  under  blast  loading 
conditions.  For  the  shallow,  more  compressible  layers,  the  moduli  found 
from  the  initial  loading  in  oedometer  tests,  triaxial  tests,  and  plate 
bearing  tests  were  not  far  different  from  the  actual  secant  modulus.  How¬ 
ever,  these  same  tests  badly  underestimated  the  compression  resistance  of 
the  deep,  less  compressible  silt.  For  this  deeper  silt,  the  reloading  mod¬ 
ulus  is  in  reasonably  good  agreement  with  the  observed  in  situ  behavior. 
Subsequent  tests  on  the  deeper  silt,  using  improved  sampling  and  testing, 
have  indicated  that  there  really  is  better  agreement  between  the  modulus 
during  the  initial  loading  in  an  oedometer  test  and  the  in  situ  modulus 
(Hendron  and  Davisson,  1964).  Wilson  and  Sibley  (1962)  have  also  dis¬ 
cussed  motion  predictions  for  this  site. 

A  second  comparison  between  particle  velocities  as  predicted  using 
results  from  oedometer  tests  and  particle  velocities  observed  in  field 
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tests  is  described  by  Zaccor  (1967) -  In  this  case  the  soil  was  a  desert 
alluvium  and  the  peak  surface  stress,  resulting  from  explosion  of  an  array 
of  primacord,  was  about  300  psi.  The  upper  8  ft  of  the  soil  'was  quite  com¬ 
pressible,  with  a  secant  modulus  of  about  3000  psi.  Below  this  depth  the 
recant  modulus  increased  to  over  7000  psi.  The  ratio  of  observed  to  pre¬ 
dicted  peak  surface  vertical  particle  velocity,  using  the  secant  modulus 
for  the  upper  8  ft  of  soil,  was  from  0.55  to  0.61.  The  effect  of  reflec¬ 
tions  from  the  interface  at  the  8-ft  depth  was  not  taken  into  account  when 
computing  the  theoretical  particle  velocity.  These  reflections  would  tend 
to  decrease  the  particle  velocity,  and  the  ratio  of  observed  to  true  pre¬ 
dicted  velocity  is  probably  more  like  0.7. 

A  third  comparison  is  provided  by  measurements  of  particle  velocity 
during  Operation  Snowball  at  the  Suffiald  Experimental  Station  in  Canada 
(Murrell,  1967).  The  soil  is  a  lacustrine  deposit  consisting  of  fairly 
uniform  beds  of  clays  and  silts  with  occasional  sand  lenses.  Data  concern¬ 
ing  the  compressibility  of  the  soil  have  already  been  given  in  fig.  4.33. 
The  airblast  loading,  caused  by  a  large  chemical  explosion,  was  from  200  to 
300  psi  at  the  location  of  the  measuring  gages.  Vertical  particle  veloci¬ 
ties  were  measured  at  a  depth  of  5  ft  where  the  peak  stress  was  about  40$ 
of  the  peak  overpressure  at  the  surface.  At  this  depth,  the  predicted  and 
observed  particle  velocities  agreed  almost  exactly,  and  the  predicted  and 
observed  peak  vertical  displacements  agreed  within  10$  (Hendron,  1965). 

Summary:  While  it  is  clear  from  these  examples  that  the  evaluation 
of  the  effective  modulus  or  effective  wave  velocity  is  far  from  an  exact 
science,  it  also  is  clear  that  the  suggested  procedures  based  on  oedometer 
tests  provide  reasonable  estimates  for  many  engineering  purposes — at  least 
for  the  more  compressible  soils.  It  appears  possible  to  estimate  the  ef¬ 
fective  wave  velocity  to  within  about  30$  and  the  effective  modulus  to 
within  about  a  factor  of  2,  assuming  of  course  that  good  sampling  and 
testing  techniques  are  employed. 

4.4.3  Recommended  Procedures  in  Case  of  Stiff  Soil-..  As  of  this 
writing,  there  is  little  or  no  direct  experience  with  blast  loadings 
directly  over  stiffer  soils.  However,  experience  with  static  loadings 
makes  it  clear  that  sampling  disturbance  makes  unlikely  accurate  evaluation 


of  modulus  in  soils  having  an  effective  modulus  greater  than  25,000  psi. 
There  is  sorne  reason  to  believe  that,  because  of  compensating  errors,  the 
modulus  determined  during  reloading  cycles  ir  a  laboratory  oedometer  test 
my  be  approximately  the  same  as  the  in  situ  modulus.  Table  4.3  illus¬ 
trates  the  differences  which  may  be  expected  between  modulus  as  deduced 
from  seismic  level  wave  velocity  and  as  .  easured  in  the  laborator y . 

The  following  examples  illustrate  the  thought  processes  involved  in 
choosing  the  most  suitable  value  for  use  in  calculations  concerning  blast- 
induced  ground  motions.  The  first  two  examples  arose  in  1959,  at  a  time 
when  neither  concepts  nor  testing  techniques  were  as  well  developed  as  they 
are  today.  The  final  example  is  more  recent  (1962). 

A  deep  silt-clay  deposit :  This  example  involves  a  more  or  less  uni¬ 
form  deposit  of  siltv-clayey  material  which  extends  to  depths  greater  than 
1000  ft.  All  of  the  top  1000  ft  of  the  material  is  above  the  water  table. 
This  material  was  laid  down  in  a  series  of  shallow  lakes  which  existed  over 
a  period  of  many,  many  years .  There  never  has  been  more  overburden  than 
there  is  at  the  present  time. 

The  following  quantitative  information  was  gathered  concerning  the 
lriaterial  between  the  60-  and  200- ft  depths . 

Standard  penetration  resistance:  50  blows/ft 

Shear  strength  (from  unconsolidated-undrained  tests  with  chamber 
pressure  equal  to  overburden  pressure):  2  to  3  tsf 

Constrained  modulus  (slow  initial  loading):  10,000  to  40,000  psi 

Young's  modulus  from  resonant  column  test:  50,000  psi 

Modulus  from  seismic  dilatational  velocity:  loC,000  psi 

The  cne-dimensional  compression  tests  were  relatively  crude,  and  some  jug¬ 
gling  of  the  results  was  necessary  to  come  up  with  a  value  for  constrained 
modulus .  The  range  of  values  above  indicates  the  spread  of  the  results  ob¬ 
tained  by  applying  different  corrections  to  the  data.  If  Poisson's  ratio 
is  taken  to  be  0.35,  the  Young's  modulus  from  the  vibration  tests  would 
correspond  to  a  constrained  modulus  of  80,000  psi.  Incidentally  laboratory 
determinations  indicated  that  the  soil  was  nearly  saturated,  and  possibly 
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Table  4.3 

Results  from  One -Dimensional  Compression  Tests  on  Partially  Saturated  Soil 


fully  saturated.  At  that  time,  the  hydrostatic  compression  test  had  not 
yet  beer,  developed  as  a  means  for  testing  for  complete  saturation,  and  it 
was  necessary  to  make  the  conservative  assumption  that  saturation  was  not 
complete . 

The  question,  then,  was  whether  the  constrained  modiolus  under  blast 
loading  conditions  would  be  more  like  the  10,000  to  40,000  psi  indicated  by 
laboratory  compression  tests,  or  the  80,000  to  160,000  psi  suggested  by  the 
measurements  involving  small  stress  increments.  The  standard  penetration 
results  and  the  shear  strength  values  were  suggestive  of  a  soil-like  mate¬ 
rial.  Moreover,  in  all  of  the  rather  extensive  literature  concerning  this 
deposit,  geologists  described  the  material  as  uncemented,  poorly  consoli¬ 
dated,  etc.  Boreholes,  if  uncased,  suffered  from  sloughing  or  squeezing. 

These  various  observations  suggested  that  this  earth  material  would 
tend  to  compress  significantly  under  the  large  stresses  imposed  by  blast 
loadings.  Hence  a  constrained  modulus  of  40,000  psi  was  selected  for  this 
material. 

Site  involving  sandstones  and  shales :  These  materials  were  formed  by 
outwash  from  nearby  mountains,  and  there  never  had  been  more  overburden 
than  there  is  at  the  present.  However,  the  geologists'  reports  spoke  of 
these  materials  as  being  cemented  and  well  consolidated.  The  foil owing 
data  were  obtained  for  the  material  at  the  100- ft  depth. 

Standard  penetration  resistance:  200  blows/ft 

Shear  strength  (unconfined  and  unconsoli dated-undrained  tests): 

10  to  40  tsf 

Constrained  modulus  (slow  initial  loading):  30,000  to  200,000  psi 

Modulus  from  seismic  dilatational  velocity:  1,000,000  psi 

Again  the  one-dimensional  compression  tests  were  crude,  and  the  results 
subject  to  interpretation. 

There  was  every  reason  to  feel  that  the  appropriate  constrained  modu¬ 
lus  for  this  material  would  be  much  higher  than  that  of  the  clayey-silty 
material  described  in  the  preceding  example,  and  would  indeed  approach 
1,000,000  psi.  A  modulus  of  300,000  psi  was  actually  selected.  This  value 
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was  probably  conservative,  but  nonetheless  led  to  predicted  ground  motions 
which  could  be  tolerated  economically.  Subsequent  experience  has  indicated 
that  the  constrained  modulus  of  the  material  is  at  least  400,000  psi. 

Weakly  cemented  sandstone:  This  material,  which  would  readily  crumble 
in  one's  hand,  was  likewise  formed  as  an  outwash  deposit  and  has  never  been 
preloaded  by  since-eroded  material.  Careful  one-dimensional  compression 
tests,  using  very  rapid  loadings,  were  performed.  The  data  obtained  are  as 
follows . 

Constrained  modulus  (rapid  initial  loading):  83,000  psi 
Constrained  modulus  (rapid  reloading ) :  93,000  psi 

Constrained  modulus  (slow  reloading) :  65,000  psi 

Modiolus  from  seismic  dllatational  velocity:  640,000  pei 

The  writer  recommended  a  value  of  80,000  psi  for  this  material,  but  now  be¬ 
lieves  that  100,000  psi  would  be  a  more  realistic  value. 

4.5  EVALUATION  OF  OTHER  PARAMETERS 

For  some  calculations,  especially  for  purposes  of  research  into  the 
attenuation  of  stress  with  depth,  it  is  necessary  to  make  quantitative 
estimates  for  the  ratio  of  elastic  to  total  strain  in  an  irreversible  model 
for  soil  or  of  time  constants  in  a  viscoelastic  model  of  soil.  An  initial 
discussion  of  methods  for  evaluating  such  parameters  appears  in  Report  17 
and  in  Whitman  (1963),  and  a  more  detailed  discussion  has  been  given  by 
Seaman  (1966).  Some  typical  values  of  various  parameters  are: 

Ratio  of  modulus  for  unloading  to  modulus  for  loading:  1.3  to  3 

Ratio  of  imaginary  to  real  parts  of  complex  modulus:  0.1  to  0.4 

Ratio  of  Mq  to  M-^  in  standard  three-element  viscoelastic 
model  (see  fig.  2.4l):  1  to  4 

Time  constant  1/uMq  in  standard  three-element  viscoelastic  model: 

10  to  30  msec  up  to  l/4  or  l/2  sec,  depending  on  the  rise  time 
of  interest 

Results  such  as  these  are  satisfactory  for  calculations  aimed  at 


establishing  the  general  importance  of  irreversible  or  time-dependent 
effects,  but  clearly  much  more  research  is  needed  concerning  the  magnitude 
of  these  parameters.  Some  additional  data  are  provided  by  Kondner  and  Ho 
(1964). 

4 .6  SUMMARY  AND  RECOMMENDATIONS 

4.6.1  Summary  of  Results . 

(a)  Reasonably  simple  test  apparatus  and  procedures  have  been  devel¬ 
oped  for  studying  one-dimens icnal  compressibility  during  blast 
loading  conditions. 

(b)  The  many  factors  affecting  the  one-dimensional  compressibility  of 
soil  have  been  identified. 

(c)  In  one-dimensional  compression,  soil  has  an  S-shaped  stress- 
strain  curve,  with  yielding  behavior  at  small  stress  increments 
and  stiffening  behavior  for  large  stress  increments.  For  stress 
increments  in  the  range  of  100  to  500  psi,  the  secant  modulus 
generally  is  less  than  the  modulus  corresponding  to  seismic  level 
dilatational  wave  velocity. 

(d)  Only  a  portion  of  the  strain  which  occurs  during  loading  is  re¬ 
covered  upon  unloading,  and  hence  energy  is  lost  during  a  cycle 
of  loading  and  unloading. 

(e)  Stress-strain  properties  are  somewhat  time -dependent.  A  loading 
with  approximately  the  correct  rise  time  must  be  used  when  meas¬ 
uring  effective  modulus. 

(f)  For  soils  v/ith  a  modulus  below  10,000  or  possibly  20,000  psi,  the 
effective  modulus  under  blast  loading  conditions  can  be  measured 
in  oedometer  tests  on  undisturbed  samples. 

(g)  For  stiffer  soils,  laboratory  measurement  of  modulus  is  more 
difficult  and  considerable  care  must  be  taken  to  minimize  sample 
disturbance.  Such  disturbance  generally  leads  to  moduli  that  are 
too  low,  and  considerable  judgment  must  be  exercised  in  choosing 
a  value  of  modulus  for  use  in  calculations.  The  modulus  from  the 
second  or  third  cycle  of  loading  is  a  particularly  useful  guide. 

4.6.2  Present  Status  of  Work ■  A  great  deal  is  now  known  concerning 


wave  propagation  tnrough  soil.  Ir.  sands,  inelastic  effects  are  quite  im¬ 
portant,  but  time-dependent  effects  can  be  largely  ignored  provided  that 
the  stress-strain  relation  is  obtained  from  a  test  in  which  loading  and 
unloading  take  place  in  30  msec  or  less.  In  cohesive  soils,  time -dependent 
effects  may  be  important  during  loadings  with  durations  less  than  30  msec. 

A  really  satisfactory  description  of  the  time  effects  in  cohesive  soils  is 
still  lacking. 

For  the  more  compressible  soils,  it  appears  that  a  laboratory  dynamic 
compression  test  using  repeated  loadings  provides  a  satisfactory  measure  of 
in  situ  dynamic  compressibility.  However,  for  the  stiffer  earth  materials 
(those  approaching  the  consistency  of  soft  rocks)  there  are  no  field  data 
concerning  in  situ  compressibility  and  hence  no  basis  for  judging  the  re¬ 
liability  of  the  results  of  laboratory  tests. 

4.6.3  Suggestions  for  Future  Research.  The  most  pressing  need  is  for 
field  tests  to  evaluate  in  situ  dynamic  compressibility.  Indeed,  addi¬ 
tional  laboratory  research  will  tend  to  be  meaningless  unless  such  field 
tests  are  performed. 

On  the  basic  research  front,  there  is  need  for  more  adequate  study  of 
time-dependent  effects  during  one-dimensional  compression,  using  stress 
changes  as  large  as  several  hundred  psi. 


CHAPTER  5  PROPAGATION  VELOCITY  FOR  STRESS  WAVES  OF  LOW  INTENSITY 


5 .1  INTRODUCTION 

Measurement  of  in  situ  wave  velocities  at  seismic  stress  intensities 
(low)  offers  the  easiest  and  most  economical  method  for  investigating  the 
characteristics  of  a  large  construction  site.  By  observing  the  variation 
of  seismic  velocity  with  depth,  these  measurements  can  be  used  to  establish 
qualitative  features  of  a  site,  such  as  the  depth  to  the  water  table  or  the 
depth  to  rock.  To  the  extent  that  the  magnitude  of  the  measured  velocity 
can  be  related  to  the  stiffness  of  the  soil  at  the  stress  level  of  inter¬ 
est,  such  measurements  can  be  used  quantitatively  as  a  basis  for  predicting 
the  settlement  of  structures  or  the  response  of  structures  to  dynamic 
loadings . 

The  methods  which  are  commonly  used  for  measuring  wave  velocities  in 
situ  usually  involve  stress  waves  of  low  intensity.  That  is,  once  away 
from  the  immediate  source  of  the  wave,  the  stresses  caused  by  passage  of 
the  wave  are  1  psi  or  less— usually  much  less.  Since  soil  is  a  very  non¬ 
linear  material,  the  velocity  of  a  low-intensity  wave  will  directly  indi¬ 
cate  only  the  stiffness  of  the  soil  for  small  stress  changes  from  the  ini¬ 
tial  in  situ  state  of  stress.  This  velocity  will  tend  to  overestimate  the 
stiffness  for  larger  stress  changes,  as  has  been  discussed  in  Chapter  4. 

The  velocity  of  low-intens ity  waves  may  have  direct  quantitative  use  for 
problems  such  as  foundation  vibrations  and  the  ground  motions  caused  by 
earthquakes.  However,  the  velocity  of  low-intensity  waves  can  only  be  of 
indirect  value  for  problems  such  as  the  propagation  of  blast  waves  and 
ordinary  static  settlements. 

This  chapter  discusses  the  various  factors  which  influence  the  magni¬ 
tude  of  wave  velocities  through  soil,  and  describes  the  laboratory  proce¬ 
dures  and  devices  which  have  been  used  to  investigate  the  influence  of 
these  factors.  The  laboratory  techniques  have  some  practical  value  as 
well.  The  methods  for  measuring  shear  wave  velocity  in  situ  are  still  ex¬ 
pensive  and  not  entirely  foolproof,  so  that  sometimes  it  may  be  more  con¬ 
venient  to  make  laboratory  measurements  of  shear  wave  velocity.  Check 
tests  in  the  field  generally  will  be  desirable,  however. 
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5.1.1  Relation  Between  Wave  Velocity  and  Modulus.  Elastic  theory 
provides  the  following  relation  between  modulus  and  the  velocity  of  wave 
propagation : 


C  = 


(5.1) 


where 

C  is  the  wave  velocity,  in  units  such  as  feet  per  second 

M  is  the  modulus,  the  ratio  of  stress  to  strain  for  the  particular 
type  of  deformation  involved  in  the  wave,  in  units  such  as  pounds 
per  square  foot 

p  is  the  mass  density  equal  to  the  unit  weight  divided  by  the  accel¬ 
eration  of  gravity,  in  units  such  as  pound-seconds^/ feet 14 

2  /  h 

For  many  soils,  p  has  a  value  of  about  3*5  lb -sec  /ft  .  Thus  a  modulus  of 
25,000  psi  (3,600,000  psf  or  1800  tsf)  corresponds  to  a  wave  velocity  of 
about  1000  fps.  This  is  a  useful  relation  to  remember,  since  other  combi¬ 
nations  of  velocity  and  modulus  can  readily  be  obtained  by  recalling  that 
velocity  varies  as  the  square  root  of  the  modulus. 

5.1.2  Types  of  Waves.  There  are  a  number  of  different  types  of 
waves,  each  corresponding  to  a  different  type  of  motion  or  deformation  and 
each  having  its  own  wave  velocity.  Fig.  5.1  shows  the  waves  which  will  be 
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Fig.  5.1  One-dimensional  waves 


of  the  greatest  concern  in  this  chapter. 

Dilatational  and  shear  waves  appear  in  the  classical  ^'•■rry  of  elas¬ 
ticity,  Both  of  these  wave  forms  occur  at  a  plane  wave  front  moving 
through  an  infinite  elastic  body.  A  dilatational  wave  involves  motions 
perpendicular  to  the  wave  front,  while  a  shear  wave  involves  motions  paral¬ 
lel  to  the  wave  front.  The  strain  conditions  associated  with  tne  dilata¬ 
tional  wave  also  occur  at  the  very  front  of  a  wave  spreading  out  from  a 
point  within  an  infinite  medium  (i.e.  a  spherical  wave  front),  but  behind 
the  wave  front  the  strain  conditions  are  more  complicated  than  those  of  the 
classical  dilatational  wave. 

A  rod  wave  is  a  special  form  of  compression  wave  which  appears  only 
for  a  particular  boundary  condition.  Unlike  a  dilatational  wave,  a  rod 
wave  does  involve  strains  in  the  direction  transverse  to  the  wave  front. 

A  rod  wave  appears  only  in  laboratory  tests  which  are  the  dynamic  counter¬ 
part  of  static  tristxial  tests  with  constant  confining  stress. 

There  are  special  types  of  wave  motion  associated  with  any  boundary  of 
an  elastic  body.  For  example,  the  free  top  surface  of  an  elastic  half¬ 
space  gives  rise  to  seversil  types  of  surface  waves :  waves  which  run  along 
this  surface  and  which  cause  motions  of  the  material  down  to  certain  depths 
below  the  surface.  Of  these,  the  roost  important  is  the  Rayleigh  wave. 

This  wave,  which  involves  simultaneous  vertical  and  horizontal  motions  in  a 
vertical  plane  normal  to  the  wave  front,  is  formed  by  dilatational  and 
shear  waves  interacting  with  a  free  surface. 

These  various  types  of  waves  will  develop  in  any  type  of  material.  In 
an  elastic  material,  there  are  definite  relations  between  the  propagation 
velocities  of  the  four  waves. 

The  propagation  velocities  of  dilatational,  shear,  and  rod  waves  can 
be  obtained  using  Equation  5.1  together  with  the  modulus  appropriate  to  the 
type  of  deformation  involved  in  the  wave: 

Constrained  modulus  for  dilatational  wave  velocity 

Shear  modulus  for  shear  wave  velocity  C 

s 

Young's  modulus  for  rod  wave  velocity  CT 

Jj 
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Each  of  these  velocities 
can  be  expressed  in  terms  shear  velocity: 
of  either  the  shear  mod¬ 
ulus  G  or  Young's  mod-  rod  velocity: 
ulus  E  ,  together  with 
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Poisson's  ratio  p  . 
These  various  equations 
are  given  in  fig.  5 .2. 
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Fig.  5.2  Equations  for  elastic  wave  velocities 


Fig. 


5-3 


Relation  between  elastic 
wave  velocities 


There  is  no  simple  equation  for 
the  velocity  of  Rayleigh  waves;  the 
velocity  of  these  waves  comes  from 
the  solution  of  a  transcendental 
equation. 

Fig.  5-3  gives  values  of  the 
dilatational,  rod,  and  Rayleigh  wave 
velocities  in  ratio  to  the  shear 
wave  velocity,  for  the  full  range  of 
values  of  Poisson's  ratio  applicable 
to  an  elastic  material.  Note  that 
the  difference  between  the  shear  and 
Rayleigh  wave  velocities  is  quite 
small,  especially  for  p  >  0.25  • 


Note  also  that  the  ratio  of  dilatational  to  shear  wave  velocities  becomes 
infinitely  large  as  4  approaches  0.5. 


5.2  TESTS  FOR  MEASURING  WAVE  VELOCITIES  IN  THE  LABORATORY 

5.2.1  Resonant  Column  Test.  The  oldest  and  most  common  technique  for 
measuring  wave  velocities  through  soil  in  the  laboratory  is  to  vary  the 
frequency  with  which  forces  are  applied  to  a  cylindrical  specimen  of  soil 
until  a  resonance  condition  is  obtained.  The  desired  velocity  is  then  cal¬ 
culated  from  a  relation  between  velocity,  length  of  the  specimen,  and  fre¬ 
quency  at  resonance.  The  theory  used  to  interpret  the  results  of  such 
tests  has  been  described  by  Lee  (1963)  and  by  Hardin  (1965).  This  method 
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has  been  used  by  Wilson  and  Dietrich  (i960),  Hardin  and  Richart  (1963)>  and 
Stevens  (1960a).  Drnevich  et  al.  (1966)  describe  a  version  of  the  test 
using  hollow  cylindrical  specimens;  this  version  is  useful  for  studying  the 
effect  of  strain  upon  the  observed  results. 

i'he  method  is  very  versatile.  By  applying  longitudinal  forces  to  the 
cylindrical  specimen,  the  rod  velocity  can  be  measured.  Shear  wave  veloci¬ 
ties  can  be  measured  by  applying  torsional  moments.  The  effects  of  confin¬ 
ing  stress  and  amplitude  of  motion  cn  wave  velocity  can  be  studied.  By  ex¬ 
citing  a  series  cf  higher  order  resonances,  the  relation  between  wave  ve¬ 
locity  and  frequency  can  be  established.  This  test  also  permits  study  of 
the  damping  properties  of  soils. 

5.2.2  Pulse  Technique.  An  alternate  technique  for  measuring  wave 
velocity  through  soil  has  been  developed  at  MIT  as  part  of  the  present  con¬ 
tract.  This  technique  is  based  on  a  method  which  the  writer  first  observed 
at  the  Shell  Research  and  Development  Laboratories  in  Houston,  Texas. 

Measurement  of  dilatational  wave  velocity:  Figs.  5«4  and  5*5  show  the 

essential  features  of  the  apparatus 
as  initially  developed  at  MIT  (see 
Reports  8  and  l4). 

An  electric  pulse  is  sent  to  a 
piezoelectric  crystal  placed  at  one 
end  of  a  specimen  of  soil.  This 
electric  pulse  causes  the  crystal  to 
suddenly  change  in  thickness,  thus 
generating  a  mechanical  wave  within 
the  soil.  This  wave  passes  through 
the  soil  until  it  encounters  a  sec¬ 
ond  crystal  placed  on  the  other  end 
of  the  specimen.  The  arriving  wave 
causes  stresses  within  this  second 
crystal,  and  thus  a  new  electric 
signal  is  generated.  The  wave  ve¬ 
locity  is  determined  by  measuring 
the  time  lapse  (travel  time)  between 


Fig.  5*4  Soil  container  and  crystals 
for  pulse  test 
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Fig.  5*5  Circuit  diagram  for  pulse  test  apparatus 


the  start  of  the  original  and  received  electric  signals,  and  dividing  this 
time  lapse  into  the  thickness  of  the  specimen. 

The  input  electrical  signal  involves  two  or  three  cycles  of  voltage 
with  a  frequency  of  about  1  megacycle.  The  wave  resulting  from  the  elec¬ 
tric  signal  passes  back  and  forth  through  the  specimen  and  dies  out  within 
about  1  or  2  msec.  The  input  electric  signal  is  repeated  50  times  per 
second;  i.e.  every  20  msec.  Thus  there  really  is  a  succession  of  waves, 
each  an  independent  event.  By  displaying  the  received  signal  on  the  screen 
of  an  oscilloscope,  a  standing  wave  form  is  obtained  from  which  the  travel 
time  can  be  measured.  Fig.  5 .6  shows  a  typical  result. 

In  the  original  version  of  the  MIT  device,  the  soil  was  confined  by  a 
metal  jacket.  When  undisturbed  samples  were  being  tested,  the  soil  was 
simply  left  in  the  sampling  tube.  Axial  stresses  were  applied  by  means  of 
a  hydraulic  jack  so  as  to  simulate  the  effects  of  overburden.  More  re¬ 
cently  (see  Report  24)  the  specimen  has  been  placed  within  a  triaxial  cell, 
using  a  pedestal  and  top  cap  containing  the  piezoelectric  crystals. 
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Fig.  5.6  Photograph  of  oscilloscope  screen 
showing  arrival  of  dilatational  wave.  This 
photograph  shews  output  of  receiving  crys¬ 
tal  versus  time.  The  trace  sweeps  from  left 

to  right 


Fig.  ‘j ."(  shows  this  arrange¬ 
ment;  the  tube  appearing  in 
the  photograph  contains  the 
electrical  leads  to  the  top 
cap . 

Measurement  c f  snear 
wave  velocity :  Ln  order  to 
measure  shear  wave  velocity, 
twelve  piezoelectric  crys¬ 
tals  are  placed  at  each  and 
of  a  specimen  as  shown  Ln 
fig.  h.S.  Tnese  crystals 
have  been  manufactured  in 
such  a  way  that  they  will 
undergo  a  shear  distortion 
when  subjected  to  a  sudden 


electric  signal.  The  twelve  sending 
crystals  are  all  simultaneously  sub¬ 
jected  to  such  a  signal  and  thus  im¬ 
part  a  twist  to  the  specimen.  The 
reverse  procedure  causes  the  twelve 
receiving  crystals  to  generate  an 
electric  signal  when  the  mechanical 
wave  through  the  soil  reaches  them. 
Fig.  5*9  chows  a  typical  received 
signal.  Report  23  describes  the  de¬ 
velopment  of  t.nis  apparatus. 

This  type  of  test  is  carried  out 
within  a  triaxial  cell  similar  to 
that  shown  in  fig.  5-7. 

Fig.  r;.7  Triaxial  cell  for  velocity 
measurements  by  pulse  technique 
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Fig .  5.8  End  cap  with  radial 
crystals  for  sending  and  re¬ 
ceiving  shear  wave 


Fig.  .5-9  Photograph  of  oscilloscope 
screen  showing  arrival  of  shear  wave 


Interpretation  of  received  signal;  There  are  two  main  difficulties  in 
the  interpretation  of  tre  results  of  a  pulse  test. 

First,  the  wave  patterns  within  the  soil  specimen  are  very  complex. 

The  wave  spreads  out  from  the  sending  crystal,  and  reflects  off  the  sides 
of  the  specimen  as  well  as  the  far  end  of  the  specimen.  Some  energy  may 
reach  the  receiving  crystal  by  traveling  through  a  metal  jacket  if  such  a 
jacket  is  used  to  confine  the  specimen.  Jt  is  necessary  to  establish  test 
conditions  such  that  the  first  detectable  arrival  at  the  receiving  crystal 
will  be  a  wave  running  directly  along  the  axis  of  the  specimen. 

Second,  there  is  always  some  ambiguity  as  to  the. time  of  the  first 
arrival  of  energy  at  the  receiving  crystals.  The  received  wave  form  seldom 
has  a  sharp  front,  and  often  there  is  an  arrival  of  small  amplitude  prior 
to  the  first  obviously  noticeable  arrival. 

These  difficulties  have  an  important  bearing  on  the  permissible  size 
of  test  specimens  and  on  the  way  in  which  the  specimens  should  be  confined. 

There  are  two  reasons  why  the  specimen  must  not  be  too  long,  (a)  The 
energy  in  the  initial  dilatational  wave  front  decreases  with  distance,  and 
if  the  sample  is  too  long  this  first  arrival  may  cease  to  be  detectable. 

(b)  If  the  specimen  is  too  long,  a  wave  traveling  at  a  higher  velocity  but 
through  a  roundabout  path  (as  through  a  metal  jacket)  may  arrive  at  the 
receiving  crystal  before  the  wave  passing  only  through  the  soil. 

There  are  also  two  reasons  why  the  specimen  must  not  be  too  short . 

(a)  The  time  of  the  first  arrival  at  the  receiving  crystal  can  seldom  be 
pinpointed  precisely.  If  the  specimen  is  very  short  so  that  the  travel 
time  is  very  small,  the  potential  error  in  measuring  the  travel  time  will 
be  a  large  fraction  of  the  travel  time.  The  potential  percentage  error  de¬ 
creases  as  the  specimen  thickness  increases,  (b)  Because  soil  is  composed 
of  many  individual  particles,  a  high-frequency  wave  is  dispersed  as  it 
travels  through  soil.  This  dispersion  causes  certain  difficulties  in  the 
interpretation  of  the  received  signal  and  in  selecting  a  meaningful  arrival 
time.  Tnese  difficulties,  which  are  discussed  in  detail  in  Report  25,  de¬ 
crease  in  importance  as  the  thickness  of  the  specimen  increases.  For  gran¬ 
ular  soils,  the  thickness  should  be  at  least  200  times  the  diameter  of  the 
most  typical  particle. 
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For  tests  in  which  confinement  is  provided  by  a  metal  cylinder  (fig. 
5.4),  the  optimum  specimen  length  has  proved  to  be  2  in.  For  tests  con¬ 
ducted  within  a  triaxial  cell  (fig.  5-7),  lengths  up  to  4  in.  have  been 
used  successfully  provided  that  gas  and  not  liquid  is  used  for  the  chamber 
fluid.  (Stress  waves  propagating  through  a  liquid  stirrounding  a  long 
specimen  may  reach  the  receiving  crystal  first.) 

These  procedures  will  still  leave  some  ambiguity  as  to  the  exact  time 
of  the  first  arrival  at  the  receiving  crystal.  At  the  present  time,  the 
experimental  error  arising  from  these  problems  can  be  held  to  +5$.  - 

Advantages  and  disadvantages  of  the  pulse  technique :  Aside  from  the 
standard  electronic  units  (os  dilator  and  oscilloscopes),  the  apparatus 
needed  for  the  pulse  test  consists  only  of  the  two  end  caps  containing  pie¬ 
zoelectric  crystals.  Tests  can  be  conducted  within  ordinary  triaxial  cells 
after  only  a  minimum  of  modification.  The  pulse  test  is  the  one  laboratory 
test  that  gives  directly  the  diiatational  wave  velocity,  which  is  the  type 
of  velocity  most  commonly  measured  in  situ. 

The  pulse  test  is  not  adaptable  for  study  of  the  influence  of  stress 
increment  and  frequency  on  wave  velocity,  and  is  not  suitable  for  studying 
the  type  of  damping  which  is  usually  of  interest  to  civil  engineers. 
Further  work  is  necessary  to  improve  the  operational  reliability  of  the 
test  apparatus. 

5.2.3  Other  Tests.  Whereas  the  tests  described  in  section  5-2.1  em¬ 
ployed  forced  vibrations,  Zeevaert  (1967)  and  others  have  determined  shear 
wave  velocity  in  the  laboratory  using  free  vibrations. 

A  large  mass  is  placed  on  a  cylindrical  specimen  of  soil.  This  cre¬ 
ates  a  single-degree-of-freedom  system,  with  the  stiffness  provided  by  the 
soil  and  the  inertia  provided  by  the  mass.  The  mass  is  given  an  initial 
rotation  and  released.  The  shear  modulus  (and  thence  velocity)  of  tne  soli 
is  computed  from  the  observed  period  of  the  resulting  free  vibrations, 
using  the  formula  for  the  natural  period  of  a  single-degree-of-freedom 
system.  The  mass  is  supported  in  part  by  a  counterweight,  so  that  the  macs 
does  not  induce  large  static  stresses  in  the  soil.  The  specimen  can  be 
placed  within  a  triaxial  cell. 

This  is  the  simplest  of  all  the  tests  that  can  be  used  to  determine 
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shear  wave  velocity,  but  the  results  obtained  with  it  still  appear  to  be 
somewhat  crude. 


5.3  WAVE  VELOCITIES  THROUGH  DRY  GRANULAR  SOILS 

With  dry  soils,  the  three  types  of  waves  found  in  laboratory  tests 
(dilatational,  rod,  and  shear)  are  all  transmitted  via  the  same  basic  mech- 
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anism  and  all  are  affected 
similarly  by  the  many  factors 
which  influence  the  magnitude 
of  velocity,  A  typical  com¬ 
parison  is  shown  :-.n  fig.  5.10. 
Nc.  oe  that  the  relative  magni¬ 
tudes  follow  the  trend  pre¬ 
dicted  by  elastic  theory: 


CD  >  CL  >  CS  * 


More  will  be 
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1,000  said  about  the  relative  magni- 


Fig.  5*10  Conqparison  of  dilatational, 
rod,  and  shear  wave  velocities  in  a 
dry  sand 


tudes  in  the  section  dealing 
with  Poisson's  ratio. 


J  The  following  sections 

discuss  the  various  factors  which  influence  the  magnitude  of  velocity. 
Since  the  same  trends  appear  for  all  velocities,  the  best  available  data 
wil;l  be  selected  to  illustrate  these  trends. 


5.3*1  Effect  of  Confin¬ 
ing  Stress.  Fig.  5*11  shows  a 
typical  set  of  data.  When 
plotted  on  log-log  paper,  the 
relation  between  velocity  and 
confining  stress  is  almost  a 
straight  line,  but  tends  to  be 
somewhat  concave  downward.  If 
this  relation  were  straight, 
it  would  mean  that  velocity 
varies  as  rrm  .  Typically, 
for  many  different  granular 
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Fig.  5.11  Rod  wave  velocity  through  dry 
sand  as  a  function  of  confining  stress 
(from  Hardin  and  Pichart,  1963) 


soils,  the  exponent  m  is  close  to  0.25,  ranging  from  about  0.2  to  about 
0.5.  The  smallest  exponents  occur  for  the  densest  soils  and  higher  con¬ 
fining  stresses. 

There  are  two  explanations  for  the  effect  of  confining  stress.  The 
first  explanation  concerns  the  way  in  which  deformations  occur  within  a 
given  arrangement  of  particles.  The  second  explanation  involves  the  way  in 
which  particle  arrangements  are  changed  by  increasing  confining  stress. 

Behavior  of  a  fixed  arrangement:  Within  a  given  arrangement  of  par¬ 
ticles,  a  small  increment  of  stress  causes  distortion  of  the  particles  near 
their  contact  points  with  other 
particles.  The  theory  for  the  in¬ 
teraction  between  elastic  spheres 
can  be  used  to  examine  this  be¬ 
havior:  see  Deresiewicz  (1958). 

Fig.  5-12  shows  the  effect  of 
a  normal  force  between  spheres. 

The  increment  of  force  dN  re¬ 
sulting  from  an  increment  of  move¬ 
ment  da  is  found  to  be  propor¬ 
tional  to  ,  Thus  as  N  in¬ 

creases,  the  stifliiess  dN/da  in¬ 
creases.  The  normal  contact  force 
N  can  be  related  to  the  all- 
around  confining  stress  cQ  ,  and 
the  movement  a  can  be  related  to 
strain.  In  this  way,  it  is  found  that  the  ratio  of  stress  to  strain  during 

a  small  increment  of  stress,  i.e.  the  tangent  modulus,  should  vary  as 
3 _ 

yj  oq  .  Assuming  that  the  wavelength  is  very  great  compared  with  the  size 
of  individual  particles,  and  using  Equation  5-1,  this  leads  to  the  predic¬ 
tion  that  velocity  should  vary  as  • 

The  complete  equation  relating  velocity  and  confining  stress  also  in¬ 
volves  the  elastic  properties  of  the  individual  spheres  a.  3  the  way  in 
which  the  spheres  are  packed  together.  However,  the  velocity  is  predicted 
to  be  independent  of  particle  size.  For  an  accurate  analysis,  :f  +  also  is 


».  TWO  SPHERES  IN  CONTACT  b.  TWO  SPHERES  IN  MUTUAL 

UNDER  ZERO  FORCE  COMPRESSION  UNDER  NORMAL 

FORCE.  *'N'* 

Fig.  5*12  Deformation  of  elastic 
spheres  by  contact  forces 
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necessary  to  consider  the  tangential 
forces  which  occur  at  contact  points. 
Fig.  5.13  shows  the  predicted  rod 
velocity  through  densely  packed 
steel  spheres.  These  velocities  are 
much  less  than  the  wave  velocity 
through  solid  steel.  The  time  for  a 
wave  to  travel  across  a  parciicle  is 
much  less  than  the  time  needed  to 
develop  the  distortions  near  the 
contact  point. 

Relative  movement  between  particles :  The  foregoing  analysis  presumes 
an  ideal  arrangement  of  perfectly  spherical  particles,  with  each  particle 
in  contact  writh  each  of  its  neighbors  and  with  exactly  the  same  force  at 
each  contact.  Of  course  these  conditions  do  not  exist  within  actual  soils, 
and  cannot  even  be  realized  in  packings  of  steel  ba.lls. 

The  data  in  fig.  5*13  show  that  the  velocity  increases  more  rapidly 
than  ct0’1^  ,  especially  for  small  confining  stresses.  Even  with  balls 
made  to  strict  tolerance  requirements,  the  initial  packing  cannot  be  per¬ 
fect.  The  forces  are  not  the  same  at  all  contacts,  and  perhaps  contact  is 
not  actually  made  between  some  neighboring  spheres.  As  a  increases,  the 
spheres  are  brought  into  better  and  more  uniform  contact,  and  the  experi¬ 
mental  results  come  into  beti.cr  agreement  with  the  theory.  The  disagree¬ 
ment  with  theory  is  increased  w..en  balls  made  to  xess  strict  tolerance  are 
used,  and  the  disagreement  naturally  becomes  more  severe  for  soils.  None¬ 
theless,  the  theory  gives  remarkably  good  estimates  for  the  approximate 
magnitude  of  the  velocities  of  low-intensity  stress  waves  measured  in  soils 
for  confining  stresses  of  100  to  200  psi:  see  NUCLEAR  GE0PL0SICS. 

Wave  velocity  as  a  function  of  depth:  Because  of  increased  confining 
stress  with  depth,  the  wave  velocity  tnrough  homogeneous  natural  ground 
should  increase  with  depth,  approximately  as: 


f  ACE-CENTERED  CUBIC  ARRAY 
».  THEORY  INCLUDING  STIffNESS  TO  TANGENTIAL  TORSES 
*  THEORY  NEGLECTING  STfTNESS  TO  TANGENTIAL  FORCES 

Fig.  5*13  Predicted  and  actual 
rod  velocities  through  dense 
array  of  steel  balls  (from 
Duffy  and  Mindlin,  1957) 


0.25 


velocity  «  (depth) 


(5.2) 


It  is  possible  to  predict  the  actual  variation  with  depth  from  the  results 
of  laboratory  tests  at  various  confining  stresses. 

The  foregoing  results  were  obtained  using  a  confining  stress  which  was 
the  same  in  all  directions;  i.e.  the  three  principal  stresses  , 

and  were  equal.  In  natural  ground,  however,  the  principal  stresses 
seldom  are  equal.  The  vertical  stress  at  any  depth  may  be  from  one- 
half  to  twice  the  horizontal  stresses,  depending  upon  past  geologic  proc¬ 
esses.  Thus  conditions  may  range  from  °v  =  °j_  =  3o  J 2  to  av  =  a3  ~ 

30^5  j  where  oQ  is  the  average  principal  stress;  i.e. 


(5-3) 


Report  23  has  investigated  the  magnitude  of  shear  wave  velocity  during 

triaxial  compression  tests  with  0^  =  0^  .  It  was  found  that  velocity 

was  related  to  0  at  least  so  long  as  the  shear  stresses  were  less  than 
o 

those  at  failure  (see  fig.  5-14).  The  same  conclusion  has  been  reached  by 


Fig.  5.14  Influence  of  shear  stress  on  shear  wave  velocity  in 
Ottawa  sand  (from  Report  23).  For  example,  compare  velocities 
at  same  r0  for:  (a)  test  which  started  at  40  psi;  and 
(b)  initial  point  of  test  starting  at  60  psi 
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Hardin  and  Black  (1966).  Stevens  (1966a)  and  Barnes  (1965)  give  still  more 
data  which  appear  to  confirm  this  conclusion.  Earlier  data  by  Shannon, 
Yamane,  and  Dietricn  (i960)  suggested  that  velocity  was  dependent  only  on 
,  but  the  more  recent  data  just  cited  are  more  convincing.  Actually,  it 
makes  relatively  little  difference  which  rule  is  used  to  relate  oy  to  ve¬ 
locity,  since  the  ratio  (o^/or  )®*^  varies  only  from  1.11  to  0.88. 

5*3.2  Effect  of  Amplitude  of  Dynamic  Stress .  Because  soil  is  such  a 
nonlinear  material,  the  amplitude  of  the  dynamic  stress  or  strain  in  a  wave 

has  an  influence  on  the  wave 
velocity,  even  for  stresses 
or  strains  which  can  be  con¬ 
sidered  as  "very  small." 

This  is  shown  in  fig.  5 -15. 
The  curves  are  labeled  with 
the  maximum  shear  stress 
within  the  specimen,  computed 
from  the  measured  motions 
using  elastic  theory.  The 
deviation  between  the  several 
curves  of  course  is  greatest 
for  small  confining  stresses,  where  the  dynamic  stresses  beome  a  signifi¬ 
cant  fraction  of  the  confining  stresses. 

Th?  effect  of  amplitude  has  also  been  investigated  by  Hall  and  Richart 

(1963). 

5.3.3  Effect  of  Frequency.  By  exciting  higher  order  resonances  dur¬ 
ing  resonant  vibration  tests,  it  is  possible  to  investigate  the  effect  of 
frequency  on  wave  velocity.  Both  Hardin  (1965)  and  Stevens  (1966b)  have 
found  that  velocity  is  independent  of  frequency  for  the  range  from  25  to 
800  cps. 

There  is  good  evidence  that  the  velocity  through  sands  can  be  pre¬ 
dicted  using  Equation  5*1  together  with  a  modulus  measured  during  static 
repeated-loading  tests  involving  small  changes  in  stress.  Some  of  this 
evidence  is  given  in  fig.  5.16.  See  also  Report  21  and  NUCLEAR  GE0PL0SICS. 

5.3.^  Effect  of  Void  Ratio.  The  effect  of  void  ratio  on  velocity  is 
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Fig.  5.16  Young's  modulus  ver¬ 
sus  confining  stress  for  quartz 
sand  by  various  methods  (from 
Shannon,  Yamane,  and  Dietrich, 
I960) 


illustrated  in  fig.  5.1'7.  Increasing  the  void  ratio  has  two  effects: 

(aj  the  density  decreases,  which  should  tend  to  increase  the  velocity;  and 
(b)  the  modulus  decreases,  which  will  tend  to  decrease  velocity.  The  data 


show  that  the  decrease  in  modulus  ov 


VOID  RATIO 

Fig.  5*17  Shear  wave  velocity 
versus  void  ratio  for  Ottawa 
sand  (from  resonant  vibration 
tests  by  Hardin  and  Richart, 
1963) 


■-weighs  the  decrease  in  density. 

For  a  given  sand  at  a  given  con¬ 
fining  pressure,  the  change  in  veloc¬ 
ity  between  the  densest  and  loosest 
state  is  usually  only  2%  of  the 
velocity  for  medium  density. 

5-3.5  Effect  of  Particle  Size. 
Shape,  and  Gradation.  According  to 
the  data  in  fig.  5.17,  the  velocity 
for  a  given  void  ratio  and  confining 
stress  appears  to  be  independent  of 
these  factors.  These  factors,  of 
course,  influence  the  void  ratio 
which  a  granular  soil  will  achieve. 

Results  similar  to  those  in 
fig.  5-17  have  also  been  obtained  for 
sands  with  very  angular  particles. 

The  two  sets  of  results  are  super¬ 
imposed  in  fig.  5.18.  As  a  first 
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Fig.  5.18  Shear  wave  velocity 
versus  void  ratio  for  quartz 
sand  (from  resonant  vibration 
tests  by  Hardin  and  Richart, 
1963) 


approximation,  it  appears  that  particle  size,  shape,  and  gradation  affect 
velocity  only  through  their  effect  upon  void  ratio.  Fig.  5»l8  can  be  used 
to  estimate  the  shear  wave  velocity  for  a  wide  range  of  granular  soils . 

5.3.6  Poisson's  Ratio.  By  comparing  the  several  wave  velocities  at  a 
given  confining  stress  and  void  ratio,  and  assuming  that  the  equations  from 
elastic  theory  apply  (fig.  5*2),  values  of  Poisson's  ratio  p  can  be  de¬ 
termined.  However,  relatively  small  changes  in  the  measured  values  of  ve¬ 
locity  can  lead  to  large  changes  in  p  .  Very  erratic  and  misleading  val¬ 
ues  of  q  can  be  obtained  from  tests  in  which  the  dynamic  stresses  are  a 
significant  fraction  of  the  confining  stress.  Resonant  vibration  tests 
with  large  confining  stresses  alsc  often  give  values  of  p  which  are  dif¬ 
ficult  to  believe. 

In  che  majority  of  cases,  values  of  q  between  0.3  and  0.4  have  been 
obtained  by  this  procedure,  and  0.35  is  recommended  for  use  with  granular 
soils.  Thus  rod  and  dilatetional  velocities  will  be  about  I.65  and  2.1, 
respectively,  times  the  shear  velocity. 

5.3*7  Behavior  with  Small  Porosity.  Wyllie  et  al.  (1958)  have  sug¬ 
gested  the  following  rule  for  the  dilatational  velocity  through  porous 

rock 


(5.4) 
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where 


n  =  porosity 

Cv  =  dilatational  velocity  through  pore  fluid,  in  this  case  air  (for 
air,  Cv  =  Ca) 

C™  =  dilatational  velocity  through  mineral 

This  rule  is  based  on  the  concept  that  a  wave  passes  straight  through 
porous  rock,  partly  through  solid  mineral,  and  partly  through  void  space, 
and  that  behavior  at  contact  points  between  minerals  is  of  no  consequence. 
Alternatively,  this  equation  might  be  cased  on  the  concept  that  the  wave 
travels  at  dilatational  velocity  along  a  tortuous  path  whose  length  depends 
on  the  porosity.  Since  the  actual  travel  distance  is  thus  greater  than  the 
apparent  distance,  the  apparent  velocity  is  less  than  the  dilatational  ve¬ 
locity  through  solid  mineral.  Wyllie  et  al.  found  good  agreement  between 
velocities  measured  in  porous  rocks  using  a  pulse  technique  and  velocities 
predicted  by  this  rule,  provided  that  very  large  conf.'.iiig  stresses  (on  the 
order  of  10,000  psi)  were  used. 

This  same  rule  might  be  expected  to  apply  to  granular  soils  of  low 
porosity  (say  n  <  0.2);  i.e.  to  very  well  graded  soils,  especially  those 
with  a  large  content  of  cobbles  and  boulders.  Dobry  (1962)  found  that  the 
in  situ  dilatational  velocity  of  the  surface  gravels  near  Santiago,  Chile, 
is  very  much  influenced  by  the  presence  of  large  particles.  Typical  veloc¬ 
ities  above  the  water  table  were  2600  to  3000  fps,  but  occasionally  values 
went  as  high  as  4000  to  4500  fps . 

For  conditions  where  this  mechanism  of  propagation  is  valid,  there 
will  not  necessarily  be  any  simple  relation  between  shear  and  dilatational 
velocities.  Brandt  (1955)  and  Viksne  et  al.  (1961)  have  also  made  studies 
of  sands  with  very  small  porosity  and  cemented  sands . 

5.4  SHEAR  AND  ROD  VELOCITIES  THROUGH  SOILS  WITH  WATER 

When  the  degree  of  saturation  exceeds  about  50% ,  there  starts  to  be  a 
great  difference  in  t'ne  mechanisms  by  which  shear  and  dilatational  waves 
are  transmitted  through  soil.  Dilatational  waves  result  from  volume 
changes,  and  pore  water  resists  volume  change.  On  the  other  hand,  pore 
water  does  not  provide  any  resistance  to  shear  distortions.  S:nce  shear 


stresses  are  alva;  present  with  .od  vaves ,  the  behavior  of  rod  and  shear 
waves  is  essentially  the  sane. 

Thus  section  will  consider  snear  and  rod  vaves  through  saturated  and 
partially  saturated  soils.  Dilatational  vaves  througn  soils  containir^ 
vater  will  be  discussed  in  subsequent  sections. 

5.4.1  Role  of  Total  and  Effective  Stress.  Pulse  tests  at  the  Shell 
Research  and  Development .Laboratory  rave  demonstrated  that  the  shear  v&ve 
velocity  through  a  sand  depends  only  upon  the  effective  confining  stress. 

If  the  total  stress  acting  on  a  saturated  specimen  is  changed  but  the  spec¬ 
imen  is  not  permitted  to  drain,  the  shear  wave  velocity  remains  unchanged. 
Report  23  reports  identical  results  ir.  the  c use  of  clays.  Presumably  the 
same  is  true  regarding  rod  vave  velocity. 

5.4.2  Effective  Kass  of  Pore  Fluid.  Suppose  that  two  specimens,  one 
dry  and  the  other  fully  saturated,  have  exactly  the  same  shear  modulus  and 
dry  unit  weight.  If  the  pore  fluid  moves  as  a  shear  vave  passes  through  a 
specimen,  the  saturated  specimen  should  have  a  smaller  wave  velocity  than 
the  dry  specimen.  That  is,  the  vulue  of  o  in  Equation  5-1  will  be  in¬ 
creased  by  the  presence  of  pore  vater. 

For  example,  if  the  void  ratio  of  a  soil  is  0.7  and  the  specific  grav¬ 
ity  is  2.7,  the  saturated  total  unit  weight  is  1.26  times  the  dry  unit 
weight.  The  wave  velocity  through  the  saturated  soil  should  be  O.89  of 
that  through  the  dry  soil. 

It  is  not  obvious  that  all  of  the  pore  fluid  will  be  able  to  move  with 
the  mineral  skeleton.  That  is,  only  part-  of  the  pore  fluid  may  be  "effec¬ 
tive"  in  slowing  down  the  wave.  Thus  the  effective  mass  density  of  a  sat¬ 
urated  soil  might  be  expressed  as : 

p  =  pS  +  PnpW  =  pW[(l  -  n)G  +  3n]  (5.5) 

where 

pS  =  density  of  skeleton,  proportional  to  the  dry  unit  weight 
3  =  a  factor  between  0  and  1 
n  =  porosity 

pw  =  mass  density  of  water 


G  =  specific  gravity  of  Mineral 

The  choice  of  a  suitable  value  for  0  is  of  some:  minor  concern  when  con¬ 
verting  fren  Modulus  to  nave  velocity  and  vice  versa. 

Theory  for  effective  gags:  There  are  two  interactions  between  the 
mineral  skeleton  and  pore  water. 

First,  owing  to  the  viscosity  cf  water,  shear  stresses  will  develop  at 
mineral-water  interfaces.  A  simplified  version  of  this  situation  is  shown 
in  fig.  5*19*-  If  the  water-filled 
tube  is  accelerated,  viscous  boundary 
layer  forces  will  tend  to  drag  the 
water  with  the  tube.  With  very  small 
accelerations,  the  viscous  forces  will 
be  sufficient  to  make  the  water  move 
almost  as  though  it  were  rigidly 
joined  to  the  tube»  Hence  the  water 
is  strongly  coupled  tc  the  tube,  and 
all  of  the  mass  of  the  water  is  effec¬ 
tive  in  resisting  acceleration  of  the  tube.  As  the  magnitude  of  the  accel¬ 
eration  increases,  the  viscous  forces  no  longer  are  able  to  make  all  of  the 
water  move  with  the  tube.  The  water  near  the  walls  will  still  move  with 
the  tube,  but  the  water  near  the  center  line  will  lag.  Thus  0  decreases. 
With  very  rapid  accelerations,  the  water  will  remain  stationary  as  the  tube 
moves  past  it,  and  0=0. 

The  second  interaction  arises  because  individual  flow  channels  within 
the  mineral  skeleton  generally  are  not  aligned  with  the  direction  of  motion 
of  the  skeleton  (fig.  5.19b).  In  such  a  case,  the  water  must  move  when  the 
skeleton  moves,  even  though  viscous  stresses  are  absent.  If  the  mineral 
skeleton  is  given  a  very  large  acceleration,  the  water  within  the  flow 
channel  will  accelerate  with  it  and  thus  will  add  to  the  inertia  of  the 
system.  The  amount  of  inertia  added  by  the  water  is  a  function  of  the 
degree  of  misalignment.  Normal  stresses  at  the  mineral -water  interfaces 
will  give  the  pressure  gradients  necessary  to  accomplish  the  acceleration. 
With  smaller  accelerations,  the  water  will,  in  the  absence  of  viscous 
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Fig.  5-19  Factors  which  in¬ 
fluence  magnitude  of  effec¬ 
tive  mass 
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shear,  tend  to  escape  from  the  tube.  Thus  3  will  tend  to  decrease  with 
decreasing  acceleration. 

The  viscous  effect  tints  predominates  at  low  frequencies,  and  tends  to 
make  3=1.  The  misalignment  effect  predominates  at  high  frequencies, 
and  tends  to  make  3  less  than  unity.  Thus,  3  decreases  (and  hence  the 
velocity  increases  for  a  given  modulus)  with  increasing  frequency.  Whether 
a  frequency  is  "high"  or  “low"  depends  primarily  upon  the  viscosity  of  the 
pore  fluid  and  the  size  of  the  flow  channels.  Presumably  viscous  effects 
strongly  predominate  in  clay,  but  are  of  snail  importance  for  a  coarse 
sand. 

Biot  (1956)  has  developed  a  theory  which  takes  these  two  effects  into 
account  for  the  case  of  a  porous-elastic  material.  Hall  (1962)  lias  applied 
this  theory  to  saturated  sands.  Although  the  theory  gives  great  insight 
into  the  interactions  between  the  mineral  and  pore  phases,  the  numerical 
results  are  not  in  particularly  good  agreement  with  actual  experimental 
results . 

Bata  regarding  effective 
mass:  Fig.  5.20  summarizes 
data  concerning  the  effect  of 
pore  water  on  the  wave  veloc¬ 
ity  through  a  coarse  sand.  If 
it  is  assumed  that  the  shear 
modulus  remains  unchanged  as 
water  is  added  to  the  speci¬ 
men,  the  wave  velocities  for 
the  moist  and  saturated  con¬ 
ditions  can  be  predicted  from 
the  velocity  when  dry.  The 
observed  change  in  velocity  as  a  result  of  saturating  the  soil  was  dis¬ 
tinctly  less  than  the  predicted  value,  indicating  that  only  a  part  of  the 
pore  water  contributed  to  the  effective  density  of  the  soil.  From  a  study 
of  such  data,  Hall  (1962)  concluded  that  in  sands  3  is  approximately  l/3. 

It  is  more  difficult  to  determine  experimentally  the  effective  mass 
in  the  case  of  silt  or  clay,  since  it  is  difficult  to  be  sure  that  the 
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Fig.  5.20  Effect  of  mass  of  pore  water  on 
shear  wave  velocity  through  sand  (data 
from  resonant  vibration  tests  by  Hardin 
and  Richart,  1963) 


176 


shear  modulus  is  really  the  sane  for  two  specimens  having  different  degrees 
of  saturation,  fig.  5*21  shows  results  for  compacted  clay-sand  mixtures. 


MOISTURE  CONTENT,  % 


Fig.  5-21  Shear  wave  velocity  for  different  degrees  of  saturation 
(from  pulse  tests  described  in  Report  2m) 

All  specimens  were  at  the  same  dry  density  and  were  tested  with  the  same 
total  confining  stress.  However,  the  effective  stresses  were  unknown  and 
possibly  varied  with  the  degree  of  saturation.  The  soil  fabric  (i.e.  the 
arrangement  of  particles)  also  may  have  varied  with  the  degree  of  satura¬ 
tion.  But  perhaps  it  is  more  than  coincidence  that  the  decreasing  velocity 
with  increasing  saturation  can  be  explained  almost  exactly  by  assuming  that 
modulus  stays  constant  while  the  total  density  increases. 

The  following  recommendations  are  made  concerning  the  value  of  ft  to 
be  used  for  saturated  soils  in  connection  with  Equation  5.1: 


_ Soil  Type _  ft 

Sand  1/3 
Coarse  and  medium  silt  2/3 
Fine  silt  and  clay  1 
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For  partially  saturated  soils,  p  is  obtained  by  using  ps  +  Pnpw  or 
oS  +  SnpW  ,  whichever  is  smaller. 

5.4.3  Effects  of  Confining  Stress  and  Void  Ratio.  Except  for  the 
correction  st ensuing  from  the  mass  of  the  pore  water,  the  influence  of  ef¬ 
fective  confining  stress  and  void  ratio  on  velocity  tlirough  sand  is  the 
same  whether  the  sand  is  dry  or  saturated. 

Until  very  recently,  little  has  been  known  quantitatively  concerning 
the  influence  of  effective  confining  stress  and  void  ratio  on  rod  and  shear 
velocities  through  silts  and  clays.  In  many  tests,  the  effective  stresses 
were  not  known  because  capillary  tensions  were  present  in  the  pore  water  to 
an  unknown  degree. 

Fig.  5-22  gives  data  from 
early  tests  on  several  satu¬ 
rated  clays.  Data  points  for 
sand  are  also  shown,  and  the 
trend  for  sand  has  been 
sketched  based  on  the  data  in 
fig.  5.18.  (Since  pulse  tests 
give  somewhat  higher  veloci¬ 
ties  than  resonant  vibration 
tests,  the  lines  for  fig.  5.18 
were  adjusted  upward  to  pass 
through  the  data  points  in 
fig.  5-2 2.)  Taking  into  ac¬ 
count  the  difference  in  the  effective  mass  of  the  pore  water,  it  appears 
that  clays  have  only  slightly  smaller  velocities  than  sands  for  the  same 
effective  confining  stress  and  void  ratio.  Consider  for  example  the  data 
for  e  =  0.54  and  cq  ~  40  psi.  Using  P  =  l/3  for  sand  and  S  =  1  for 
clay,  the  velocity  through  clay  should  be  9 4$  of  that  through  sand  if  the 
modulus  is  the  same  for  both  sand  and  clay.  The  observed  relation  is  79 %. 

Recently,  results  for  clays  have  been  published  by  Hardin  and  Black 
(1968)  and  Humphries  and  Wahls  (1968).  The  results  confirm  that,  except 
for  very  plastic  soils,  the  relation  between  shear  velocity,  effective  con¬ 
fining  stress,  and  void  ratio  is  much  the  same  for  clays  as  for  sands. 


Fig.  5-22  Shear  wave  velocities  through 
saturated  clays  and  sands  (from  pulse 
tests  described  in  Report  23) 
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The  relation  for  clays  is  affected  by  the  phenomenon  of  secondary 
consolidation . 

5.4.4  Effect  of  Amplitude  of  Dynamic  Stress.  The  effect  of  amplitude 
i..  essentially  the  same  whether  the  soil  is  dry  or  wet. 

5.4.5  Effect  of  Frequency.  On  the  basis  of  tests  by  Stevens  (1966b), 
there  appears  to  be  little  if  any  effect  of  frequency  on  shear  and  rod  ve¬ 
locities  through  saturated  sands,  although  some  minor  effect  might  be 
expected  on  theoretical  grounds  (see  section  5*4.2). 

As  yet,  relatively  little  is  known  concerning  the  effect  of  frequency 
on  the  wave  velocity  through  clays.  The  scant  evidence  suggests  that  fre¬ 
quency  has  an  effect  which  may  be  important  in  some  cases.  Table  5*1  com¬ 
pares  Young’s  modulus  as  measured  during  static  repeated-load  tests  with 
this  modulus  as  calculated  using  Equation  5-1  and  measured  rod  velocity. 

Table  5*1 

Rod  and  Shear  Modulus  Data  for  Saturated  Clays 
(from  Wilson  and  Dietrich,  i960) 


Clay 

Modulus 

E  * 

s 

,  psi  x 

lo~3 

V* 

Poisson's 

Ratio 

Duwamish  silt 

5*5 

5.7 

1.36 

0.53 

i 

f  8.35 

12.3 

3.82 

0.6i 

Birch  Bay  clay  (  five  samples  with  ; 

different  properties)  1 

11.9 

11.0 

10.8 

15.2 

4.91 

0.54 

1 13  *7 
,18.2 

16.5 

23.6 

8.10 

0.46 

r  2.88 

2.91 

0.90 

0.62 

Whidbey  Island  clay  (four  samples  ] 

•  5.10 

5.73 

1.82 

0.57 

with  different  properties)  j 

i  9.50 

8.70 

2.88 

0.50 

14.65 

16.9 

5.45 

0.42 

*  From  static  repeated  loading. 
**  From  resonant,  vibration. 


5*4.6  Poisson's  Ratio.  Theoretically  u  should  be  very  nearly  0.5 
for  a  saturated  soil,  since  the  pore  water  makes  the  resistance  to  volume 
change  much  greater  than  the  resistance  to  shear.  Thus  the  rod  velocity 
should  be  1.73  times  the  shear  velocity. 
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In  the  case  of  saturated  clays,  yalues  of  4  calculated  from  rod  and 
shear  velocities  usually  scatter  about  0.5  (see  table  5.1) .  With  sands, 
however,  u  has  been  found  to  be  much  the  same  whether  the  sand  is  dry  or 
saturated.  It  may  well  be  that  local  volume  changes  can  occur  within  sat¬ 
urated  sand,  owing  to  a  high  permeability,  even  during  tests  with  high 
frequencies . 


COUPNtSSlVC  STnCNCTH.laat/ff* 


Fig.  5-23  Relation  of  rod  modulus 
to  undrained  compressive  strength 
-in  clays  (from  Wilson  and  Dietrich, 

i960) 


5.^.7  Velocity  and  Strength. 

For  a  saturated  soil,  both  velocity 
and  undrained  strength  are  related  to 
the  effective  confining  stress  and 
void  ratio  before  loading.  Henna,  it 
might  be  expected  that  there  would  be 
a  relation  between  velocity  and  un¬ 
drained  strength.  Fig.  5.23  presents 
some  data.  Many  different  soils  do 
fall  along  a  common  relation,  but  as 
fig.  5.23  shows,  there  is  at  least  one 


major  class  of  exceptions,  i.e.  highly 


plastic  bentonitic  clays. 


5.5  MUTATIONAL  VELOCITY  THROUGH  SATURATED  SOILS 

Dilatational  stress  waves  can  propagate  through  water  as  well  as 
through  the  mineral  skeleton.  Moreover,  the  compressibility  of  water  is 
very  small  compared  to  the  compressibility  of  the  mineral  skeleton  of  typi¬ 
cal  soils.  To  be  specific,  the  bulk  modulus  of  water  BW  (which  varies 
somewhat  with  the  content  of  dissolved  impurities,  especially  dissolved 
gases)  is  about  300,000  psi.  This  modulus  corresponds  to  a  wave  velocity 
of 


(5.6) 


where  orf  is  the  mass  density  of  water.  This  velocity  is  much  greater 
than  the  dilatational  velocities  through  dry  mineral  skeletons.  Thus  it 
would  be  expected  that  the  presence  of  water  will  have  a  profound  effect 
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on  the  dilatational  wave  velocity  through  soils. 

As  usual,  the  following  treatments  assume  that  the  wavelengths  are 
long  compared  to  the  size  of  individual  particles,  so  that  reflections  and 
refractions  at  the  myriad  mineral-water  interfaces  can  be  ignored. 

5.5*1  Suspension  of  Soil  in  Water.  As  mineral  particles  are  added  to  . 
water  so  as  to  form  a  suspension  or  slurry,  two  effects  develop: 

(a)  The  overall  mass  density  cf  the  system  increases,  since  mineral 
particles  are  heavier  than  the  water  they  displace.  The  overall 
mass  density  is  given  by  Equation  5*5  with  3=1. 

(b)  The  overall  compressibility  is  decreased,  since  mineral  particles 
are  much  less  compressible  than  the  water  they  displace.  In 
fact,  since  the  bulk  modulus  for  quartz  is  about  50  times  that  of 
water,  the  mineral  particles  can  be  considered  as  incompressible. 
Thus  the  effective  compression  of  a  suspension  per  unit  of  volume 
is : 


Ac  =  -2-  An  (5.7) 

B  ' 

where  Au  is  the  change  of  pressure  in  the  suspension. 

Applying  the  elastic  formula  for  dilatational  velocity  to  this  suspension 
then  gives 


The  ratio  of  Cp/CW  is  plot¬ 
ted  in  fig.  5.24  versus  (1  -  n). 
the  portion  of  the  total  volume 
which  is  occupied  by  mineral  mat¬ 
ter.  As  soil  particles  are  first 
added,  the  velocity  through  the 
suspension  drops  below  that 
through  pure  water,  since  the  in¬ 
creased  mass  is  more  important 
than  the  decreased  compressibility. 


Fig.  5.24  Wave  velocity  through  soil 
assuming  no  stress  is  carried  by  min¬ 
eral  skeleton 
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As  more  soil  particles  are  added,  however,  the  decreased  compressibility 
becomes  more  important  and  the  veljocity  through  the  suspension  rises  above 
that  of  pure  water.  Results  obtained  using  artificially  prepared  kaolin 
slurries  (trick,  1947)  are  shown  in  fig.  5*24.  Equation  5.8  has  been  used 
to  good  advantage  to  study  wave  velocities  through  ocean  bottom  sediments; 
for  example,  see  Report  4. 

5.5.2  Effect  of  Mineral  Skeleton.  When  the  void  ratio  becomes  less 
than  3,  the  mineral  particles  will  be  in  contact  with  each  other  so  as  to 
form  a  mineral  skeleton  which  car.  transmit  stress. 

The  total  stress  involved  in  the  wave  will  be  carried  jointly  by  the 

g 

pore  water  and  mineral  skeleton.  If  1)  is  the  constrained  modulus  of  the 
skeleton,  A a/'D*'  is  the  strain  in  the  mineral  skeleton  where  Ao  is  in¬ 
crement  of  effective  stress.  The  strain  in  the  pore  water  is  Aun/ BW 
where  Au  is  the  increment  of'  pore  pressure.  These  two  strains  must  be 
equal: 


At  =  A_o=  AuJL 
DS  BW 


(5.9) 


The  increment  of  total  stress  is  Ao  =  Ac  +  Au  .  From  this 


Ao 


„w 


„W 

B  +  nD 


(5.10) 


The  strain  can  thus  be  expres:  3d  as: 


Ae  =  -T- 


_w  _w  ,  ^s 
B  B  +  nD 


Ao  = 


BW  +  nDS 


Ao 


(5.11) 


And  the  effective  constrained  modulus  is: 


„w 


D  »  £2  =  B_  +  Ds 
Ae  n 


(5.12) 


Combining  this  modulus  with  the  effective  density  (equation  5-5)  leads 
finally  to  an  equation  for  the  effective  wave  velocity:* 


*  3=1  for  the  first  term  in  Equation  5.13>  but  not  necessarily  in  the 
second  term.  Some  of  these  assumptions  concerning  the  effective  mass 
density  can  certainly  be  disputed. 
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1 


(5.13) 


CD=  C 


1  .  I  ~D 

srrr:  [y 


i  + 


Pn 

(1  -  n)G 


where  Cj)  =  dilatational  wave  velocity  through  dry  mineral  skeleton,  equal 
to  V3  /o  •  Equation  5*13  is  plotted  in  fig.  5.25  for  a  particular  value 
of  porosity  (void  ratio)  and 


an  assumed  relation  between 

g 

C^-  and  effective  confining 

stress.  The  horizontal  lines 

show  the  velocity  through 

water  alone,  and  the  velocity 

as  given  by  Equation  5*9.  The 

mineral  skeleton  influences 

the  effective  wave  velocity 

only  for  the  higher  effective 

confining  stresses  for  which 

begins  to  approach  and 
w 

then  exceed  C  . 


Fig.  5*25  Calculated  dilataticnal  wave 
velocity  through  saturated  soil 


Fig.  5.26  Measured  dilatational  velocity 
through  dry  and  saturated  sands  (data 
obtained  by  Shell  Research  and  Develop¬ 
ment  Laboratory  using  pulse  technique) 


Fig.  5-26  shows  actual 
data  for  the  dilatational  ve¬ 
locity  through  a  saturated 
sand.  The  actual  result  is 
very  similar  to  that  calcu¬ 
lated  in  the  previous  figure. 

5.5.3  Effect  of  Various 
Parameters .  There  has  been 
little  study  of  the  influence 
of  factors  such  as  frequency 
and  void  ratio  on  the  dilata¬ 
tional  velocity  through  satu¬ 
rated  soils.  The  main  point 


of  course  is  that  this  velocity  is  related  only  slightly  to  the  character¬ 
istics  of  the  mineral  skeleton.  If  a  soil  is  saturated,  measurement  of 
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dilatational  velocity  in  situ  is  of  limited  use  ?.s  a  means  for  assessing 
the  compressibility  of  the  mineral  skeleton.  Laughton  (1957)  and  Shuinway 
(1958,  i960)  have  used  dilatational  velocities  to  study  certain  aspects  of 


the  properties  of  ocean  bottom  sediments. 

£ 

For  very  large  effective  stresses  and  for  very  small  porosities, 
will  exceed  C  .  Tnc.n  the  effective  wave  velocity  will  be  controlled  pri¬ 


marily  by  the  magnitude  of  .  iq\ 

=  C*)  applies  to  such  situations. 
D  D 


Equation  5.k  (with  CV  = 


5.6  DILATATIOIiAL  VELOCITY  THROUGH  PARTIALLY  SATURATED  SOILS 

The  compressibility  of  the  pore  phase  of  a  soil  changes  radically  as 

'.he  degree  of  saturation  changes.  With  complete  saturation,  the  pore  phase 

V  w  s 

is  much  less  compressible  than  the  mineral  skeleton.  Since  C  -  C  >  , 

dilatational  waves  propagate  primarily  through  the  pore  phase.  For  low  de¬ 
grees  of  saturation,  on  the  other  hand,  the  pore  phase  is  much  more  com- 

v  a  s 

pressible  than  the  mineral  skeleton.  Now  C  =  C  <  ,  and  dilatational 

waves  propagate  primarily  through  the  mineral  skeleton. 

In  the  latter  case  (S  «  1),  the  dilatational  wave  velocity  is  indica¬ 
tive  of  the  stiffness  of  the  mineral  skeleton.  -However, -when  S  «  1  ,  the 
dilatational  wave  velocity  gives  a  relatively  poor  indication  of  the  stiff¬ 
ness  of  the  mineral  skeleton.  Thus,  if  dilatational  wave  velocities  are  to 
give  useful  information  concerning  the  stiffness  of  the  mineral  skeleton, 
the  degree  of  saturation  must  be  less  than  some  value.  It  is  of  consider¬ 
able  practical  interest  to  determine  this  threshold  value;  possible  means 
are  discussed  in  the  following  section. 

5.6.1  A  Possible  Mathematical  Model.  A  possible,  approximate  expres¬ 
sion  for  the  compressive  strain  in  the  pore  phase  is: 


(5-1**) 


where  u^  =  the  initial  pressure  in  the  gaseous  phase.  The  second  term  in 
parentheses  comes  from  Boyle's  law,  assuming  that  the  change  in  pressure  is 
small  compared  to  . 

Combining  the  above  expression  with  that  for  the  strain  in  the 


mineral  skeleton  (section  5.5*2)  leads  to: 


Au 

Ac 


B  i 


(5.15) 


Combining  the  two  previous  expressions  gives  the  effective  modulus 


(5.16) 


Finally  we  obtain  an  expression  for  the  effective  wave  velocity:* 


(5.17) 


(5-18) 


Equation  5-18  is  plotted  in  fig.  5-27  for  a 
particular  set  of  conditions.  Until  the  de¬ 
gree  of  saturation  is  very  close  to  100$,  the 
pore  phase  remains  much  more  compressible 
than  the  mineral  skeleton.  The  effective 
wave  velocity  is  essentially  that  through  dry 
soil,  but  decreases  slightly  with  increasing 
S  because  of  the  increased  mass.  As  S  ap¬ 
proaches  100$,  the  effective  velocity  sud- 


OEGREE  OF  SATURATION 


denly  shoots  up  to  that  for  saturated  soil. 

On  the  basis  of  this  model,  the  thres¬ 
hold  value  of  S  is  essentially  unity.  For 


Fig.  5.27  Calculated  rela¬ 
tion  between  dilatational 
velocity  and  degree  of 
saturation 


*  In  Equation  5*17,  it  is  presumed  that  3  =  S  . 
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any  S  measurably  less  than  unity,  the  dilatational  velocity  is  controlled 
by  the  stiffness  of  the  mineral  skeleton,  but  is  influenced  somewhat  by  the 
mass  of  the  pore  fluid. 

5.6.2  Data.  Most  geophysicists  appear  to  believe  that  the  situation 
shown  in  fig.  5-27  is  actually  indicative  of  field  conditions;  i.e.  that 
tnere  is  an  abrupt  change  in  dilatational  wave  velocity  as  the  degree  of 
saturation  changes  from  99  to  100 jo.  Such  a  situation  must  exist  if  geo¬ 
physical  exploration  using  wave  velocities  is  to  detect  accurately  the 
location  of  the  water  table.  However,  there  seems  to  be  little  or  no 
direct,  published  evidence  to  substantiate  this  belief. 

Fig.  5-28  shows  results  obtained  in  the  laboratory  using  the  pulse 
technique.  Four  different  sand-clay  mixtures  were  involved  in  these  tests. 
Despite  the  fact  that  the  shear  wave  velocities  through  the  various  mix¬ 
tures  were  quite  different  (fig.  5 >21),  the  dilatational  velocities  at  a 
given  degree  of  saturation  and  confining  stress  were  the  same  for  all 


Fig.  5.28  Dilatational  velocity  for  various  degrees  of  saturation 
(f^om  pulse  tests  described  in  Report  73) 
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mixtures.  Thus,  the  dilatational  velocity  appeared  to  bear  little  relation 
to  the  stiffness  of  the  mineral  skeleton.  The  dilatational  velocity  in¬ 
creased  rapidly  for  degrees  of  saturation  above  1%.  However,  the  transi¬ 
tion  was  much  more  gradual  than  indicated  by  the  theory  in  section  5.6.1. 

It  may  well  be  that  the  pulse  test  using  thin  specimens  does  not  give 
results  representative  of  field  conditions.  With  very  high  frequencies  and 
thin  specimens,  it  is  conceivable  that  a  wave  simply  travels  through  water 
and  mineral  in  a  tortuous  path  around  the  air  bubbles  without  actually  com¬ 
pressing  the  bubbles.  As  the  degree  of  saturation  increases,  the  travel 
path  becomes  less  tortuous ;  hence  the  travel  time  across  a  given  thickness 
decreases  and  the  apparent  velocity  increases.  Thus  laboratory  tests  might 
give  the  gradual  transition  shown  in  fig.  5*28  even  though  5*27  were 
actually  the  true  condition. 

However,  the  available 
evidence  indicates  that  the 
laboratory  pulse  technique 
gives  an  accurate  measurement 
of  the  in  situ  dilatational 
velocity  (Report  17).  Fig. 

5.29  shows  one  of  the  results. 

When  the  undisturbed  specimen 
was  placed  under  a  confining 
stress  equal  to  the  in  situ 
overburden  stress,  the  labora¬ 
tory  test  gave  a  velocity 
identical  to  that  which  had 
been  logged  in  the  field. 

The  increase  in  velocity  with  increasing  confining  stress  results  from  both 
increasing  effective  stress  and  increasing  degree  of  saturation.  During 
the  second  loading,  the  specimen  apparently  was  compressed  to  almost  full 
saturation.  The  velocity  reached  a  level  typical  of  a  fully  saturated  sam¬ 
ple.  This  velocity  was  almost  constant  with  further  increase  in  confining 
stress,  suggesting  that  with  full  saturation  the  change  in  confining  stress 
was  producing  no  change  in  effective  stress. 


Fig.  5-29  Dilatational  velocity  through 
partially  saturated  undisturbed  sample. 
(Data  from  files  of  writer.  The  labora¬ 
tory  data  points  were  obtained  using  the 
pulse  technique) 
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These  results  hardly  have  served  to  clarify  the  relation  between  de¬ 
gree  of  Saturation  and  dilatational  velocity.  The  situation  still  is  con¬ 
fused,  and  much  more  study  is  necessary. 

5.7  SUMMARY  AND  RECOMMENDATIONS 

5.7*1  Summary  of  Results.  The  following  working  conclusions  can  be 
drawn  on  the  basis  of  present  knowledge: 

(a)  The  wave  velocity  through  a  dry  soil  depends  upon  the  effective 
confining  stress  aQ  and  the  void  ratio.  The  effect  of  factors 
such  as  particle  shape,  size,  and  gradation  enters  primarily 
through  the  effect  of  these  factors  upon  void  ratio.  Wave 
velocity  is  more  or  less  independent  of  frequency. 

(b)  The  shear  and  rod  wave  velocities  through  soils  containing  water 
depend  in  addition  uo  the  void  ratio  upon  the  mass  of  pore  water 
which  moves  with  the  mineral  skeleton.  For  coarse  saturated 
sands,  only  about  l/3  of  the  pore  water  contributes  to  the  effec¬ 
tive  mass.  In  clays,  ail  of  the  pore  water  contributes  to  the 
effective  mass.  For  .comparable  void  ratios  and  effective 
stresses,  the  product  pC  (or  pCT )  is  very  similar  for  both 
sands  and  clays. 

(c)  For  fully  saturated  soils,  the  dilatational  velocity  is  primarily 
the  result  of  propagation  through  the  pore  phase  and  the  magni¬ 
tude  of  this  velocity  is  not  a  good  indicator  of  the  stiffness  of 
the  mineral  skeleton. 

(d)  For  degrees  of  saturation  between  50  and  100%,  the  mechanisms  by 
which  dilatational  waves  propagate  through  soil  are  still  poorly 
understood.  Only  for  S  <  50%  can  the  magnitude  of  the  dilata¬ 
tional  velocity  be  used  to  indicate  the  stiffness  of  the  mineral 
skeleton, 

5.7.2  Present  Status  of  Work,  Much  is  now  known  concerning  shear  and 
dilatational  wave  velocities  through  dry  and  saturated  sands,  and  of  the 
relation  between  these  velocities  and  one-dimensional  compressibility. 
However,  knowledge  is  very  incomplete  with  regard  to  cohesive  soils, 
especially  partially  saturated  cohesive  soils. 
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5.7*3  Suggestions  for  Future  Research.  Two  fundamental  avenues  of 
investigation  deserve  high  priorities : 

(a)  Further  tests  to  establish  the  relation  between  shear  velocity, 
void  ratio,  and  effective  stress  for  a  variety  of  soils,  includ¬ 
ing  partially  saturated  soils. 

(b)  Further  study  of  the  relation  between  degree  of  saturation  and 
dilatational  wave  velocity. 

Ultrasonic  pulse  apparatus  is  needed  for  the  second  of  these  investiga¬ 
tions,  and  can  be  used  for  the  first.  This  apparatus  should  be  rjodified  to 
permit  better  control  and  measurement  of  drainage  and  volume  changes  and  to 
permit  measurement  of  pore  water  pressure. 

Every  opportunity  should  be  taken  to  compare  these  laboratory  measure¬ 
ments  of  velocity  with  in  situ  measurements,  and  with  measurements  of 
dynamic  compressibility. 
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APPENDIX  A  ABSTRACTS  OF  SOIL  DYNAMICS  REPORTS 


Reports  Issued  Under  First  Contract  with  Defense  Atomic  Support  Agency 
(then  Armed  Forces  Special  Weapons  Project ),  1951-1954 

1.  Hydraulic  Machine  for  Dynamic  Compression  Tests 

R.  V.  Whitman  and  D.  W.  Taylor,  August  1952 -  AFSWP-116 

This  report  describes  and  discusses  the  design  and  construction  of 
a  hydraulically  actuated  rapid  loading  machine  capable  of  failing  spec¬ 
imens  of  soil  and  soft  rock  in  5  msec  or  less.  The  loading  was  accom¬ 
plished  by  means  of  a  large  pump  and  specially  designed  quick-acting 
valves.  In  hindsight,  the  machine  was  overdesigned;  that  is,  it  had 
far  greater  capability  than  required  for  the  test  program  that  finally 
evolved. 

2.  Interim  Report  on  Wave  Propagation  and  Strain-Rate  Effect 
D.  W.  Taylor  and  R.  V.  Whitman,  July  1953,  AFSWP-117 

This  report  presents  results  from  vacuum  triaxial  tests  on  three 
sands,  unconfined  compression  tests  on  undisturbed  samples  of  Boston 
blue  clay,  and  additional  tests  on  several  cohesive  soils .  Wave  propa¬ 
gation  effects  were  noted  in  the  tests  on  Boston  blue  clay,  and  a  spe¬ 
cial  apparatus,  capable  of  rapid  triaxial  tests  on  specimens  with 
lengths  up  to  32  in.,  was  designed. 

3 •  Final  Report  on  Laboratory  Studies 

D.  W.  Taylor,  R.  V.  Whitman,  and  six  others,  August  1954,  AFSWP-118 
This  long  report  is  divided  into  three  parts.  Part  A  deals  with 
the  strain-rate  effect  on  compressive  strength  of  soils;  it  presents 
additional  test,  data,  including  results  for  saturated  sands  with  pore 
pressure  measurements,  and  then  summarizes  and  discusses  all  of  the 
test  results.  Part  B,  which  deals  with  stress-strain  and  wave  propaga¬ 
tion  studies,  presents  results  concerning  creep  and  relaxation  behavior 
of  sand  and  results  from  wave  propagation  studies,  using  the  special 
apparatus  described  in  Report  2,  using  this  same  sand.  Part  C  presents 
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an  analytical  study,  based  on  rigid  plastic  bodies,  of  footing  motion 
under  transient  loadings  and  results  from  small-scale  tests  of  footings 
subjected  to  such  loadings . 


4.  Review  and  Preliminary  Correlation  of  Laboratory  and  Field  Studies 
R.  V.  Whitman  and  D.  W.  Taylor,  Jane  1954,  AFSWP-119 

This  report  summarizes  the  results  from  the  laboratory  test  pro¬ 
gram,  uses  these  results  to  interpret  cratering  and  transient  motion 
phenomena  observed  during  field  explosion  tests,  and  discusses  the 
validity  of  stress  measurements  made  during  these  field  tests. 


Reports  Issued  Under  Present  Contract  with  U,  S.  Army 
Engineer  Waterways  Experiment  Station,  1957-19&5 

L.  Scope  of  Test  Program  and  Equipment  Specifications 
R.  V.  Whitman,  November  1957 

This  report  was  written  to  guide  design  and  construction  of  the 
rapid  loading  machine  for  high-speed  triaxial  tests.  The  report  was 
of  no  further  interest  once  the  equipment  was  constructed. 

2.  Test  Equipment  for  High-Speed  Triaxial  Tests 
January  1959 

This  report  describes  the  design,  construction,  and  performance  of 
the  devices  for  carrying  out  triaxial  shear  tests  under  rapid  loading 
conditions  and  for  measuring  the  stresses  and  strains  during  such 
tests. 

3 .  First  Interim  Report  on  Dynamic  Soil  Tests 
October  1959 

This  report  contains  a  general  discussion  of  the  effects  of  time 
on  the  shear  strength  and  compressibility  of  soils,  and  a  description 
of  the  first  apparatus  developed  for  one -dimensional  compression  tests. 
The  following  results  are  included  in  the  report:  (a)  rapid  triaxial 
strength  tests  on  two  compacted  clays  and  on  compacted  samples  of  the 
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silt  from  Frenchman  Flat;  (b)  conventional  trlaxial  strength  tests  on 
saturated  remolded  samples  of  a  fat  clay;  (c)  rapid  triaxial  strength 
tests  on  a  dry. sand;  and  (d)  one-dimensional  compression  tests  on  dry 
sand  and  on  a  compacted  clay. 

4.  One -Dimensional  Compression  and  Wave  Velocity  Tests 

R.  V.  Whitman,  J.  E.  Roberts,  and  S-W.  Mao,  August  i960 

Included  in  this  report  are:  (a)  a  general  discussion  of  the 
stress-strain  relation  for  particulate  masses;  (b)  specifications  for 
the  preparation  of  fat  backswamp  clay  s simples  by  static  compaction; 

(c)  data  concerning  creep,  using  a  load  rise  time  of  30  msec;  (d)  de¬ 
scription  of  a  preliminary  attempt  to  measure  pore  pressures  during 
compression  creep;  (e)  data  concerning  the  sonic  dilatational  wave  ve¬ 
locity  in  a  core  of  soft  clay;  and  (f)  description  of  a  preliminary 
attempt  to  measure  the  sonic  dilatational  wave  velocity  in  a  soft  clay 
sample  during  consolidation. 

5.  Pore  Pressure  Measurements  During  Transient  Loadings 
K.  A.  Healy,  November  i960 

This  report  consists  of  a  general  discussion  of  the  problems  in¬ 
volved  in  pore  pressure  measurement  during  transient  loadings,  a  de¬ 
scription  of  conventional  pore  pressure  measuring  systems  and  their 
inadequacies,  and  a  description  of  the  design  and  preliminary  testing 
of  a  new  system  for  pore  pressure  measurement .  The  feasibility  of  em¬ 
ploying  the  new  pore  pressure  measuring  system  in  rapid  testing  was 
demonstrated  b;y  one-dimensional  conqpression  tests  on  fat  clay  and  silty 
loam  and  by  triaxial  tests  on  a  saturated  clay-silt  and  a  fat  clay. 

6.  Effects  of  Rate  of  Strain  on  Stress-Strain  Behavior  of  Saturated  Soils 
A.  M.  Richardson,  Jr.,  April  1961 

This  report  presents  results  from  a  series  of  static  and  rapid 
triaxial  compression  tests  on  a  saturated  loess  and  from  a  sen?s  of 
rapid  triaxial  compression  tests  on  a  saturated  clay.  The  tests  per¬ 
formed  at  rapid  rates  were  of  a  preliminary  nature,  and  the  conclusions 
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drawn  were  used  in  planning  a  more  comprehensive  test  program. 


Adaptation  and  Use  of  the  Boynton  Device  for  Rapid  One -Dimensional 
Compression  Tests ,  P.  J.  Moore,  June  1961 

This  report  presents  results  from  a  series  of  one -dimensional 
compression  tests  using  an  explosive  loading  system  to  apply  dynamic 
loads.  Considerable  difficulty  was  experienced  in  the  use  of  this 
loading  system,  and  the  system  was  abandoned  following  these  tests. 

Laboratory  Measurement  of  Dilatational  Wave  Propagation  Velocity 
F.  V.  Lawrence,  Jr.,  July  1961 

This  report  describes  the  design  and  operation  of  laboratory  de¬ 
vices  for  measuring  sonic  dilatational  wave  velocity  in  samples  of 
soil.  Also  included  are  results  of  preliminary  tests  on  fat  clay, 
glacial  till,  and  Ottawa  sand.  The  successful  results  obtained  during 
these  tests  provided  the  basis  for  the  extensive  development  of  this 
testing  system. 

Shearing  Resistance  of  Sands  During  Rapid  Loadings 
R.  V.  Whitman  and  K.  A.  Healy,  May  1962 

This  report  presents  experimental  and  theoretical  results  concern¬ 
ing  the  behavior  of  sands  when  sheared  very  rapidly,  Included  are: 

(a)  a  review  of  previously  existing  data  regarding  strain-rate  effects 
in  dry  sands;  (b)  an  analysis  of  the  errors  and  uncertainties  which  can 
develop  when  testing  dry  and  saturated  sands  in  rapid  triaxial  compres¬ 
sion;  (c)  new  data  concerning  a  saturated  coarse  sand;  and  (d)  a  dis¬ 
cussion  of  the  possible  implications  of  the  sum  total  of  the  new  and 
old  data. 

Strength  of  Saturated  Fat  Clay 

R.  V.  Whitman,  A.  M.  Richardson,  Jr.,  and  N.  M.  Nasim,  June  1962 

Results  are  presented  from  two  series  of  undrained  triaxial  tests 
on  saturated  remolded  specimens  of  a  fat  clay,  both  normally  consoli¬ 
dated  and  heavily  overconsolidated.  In  the  first  series,  the  strain 
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rate  ranged  from  1%  strain  in  5  min  to  1$  strain  in  1.5  msec.  In  the 
second  series,  1$  strain  was  achieved  in  from  1000  min  to  1  min,  and 
pore  pressures  were  measured.  Both  series  revealed  the  importance  of 
internal  moisture  redistribution  in  heavily  overconsclidated  specimens 
when  the  time  to  1 $  strain  exceeds  1  min.  The  excess  pore  pressure 
was  observed  to  decrease  as  the  rate  of  strain  was  increased. 

Triaxial  Tests  upon  Saturated  Fine  Silty  Sand 
K.  A.  Healy,  September  1962 

Results  are  presented  from  a  series  of  saturated  undrained  tri¬ 
axial  tests  on  a  fine  silty  sand,  carried  out  at  two  strain  rates: 

760$  strain  per  sec  and  2.6$.  strain  per  sec.  Pore  pressures  were 
measured  in  all  tests.  The  specimens  failed  at  the  fast  strain  rate 
showed  a  greater  dilatant  tendency,  as  evidenced  by  a  lower  pore  pres¬ 
sure  and  a  lower  friction  angle,  than  those  failed  at  the  slow  strain 
rate. 

Static  Tests  upon  Thin  Domes  Buried  in  Sand 

R.  V.  Whitman,  Zvi  Getzler,  and  K.  Hoeg,  December  1962 

Thin-walled  domes  were  buried  within  a  sand  mass  which  was  5  ft 
in  diameter.  A  uniform  static  pressure  was  applied  to  the  top  surface 
of  the  sand  mass.  Instrumentation  measured  the  total  vertical  force 
reaching  the  dome,  vertical  movements  of  the  dome,  strains  within  the 
dome,  and  movements  within  the  sand  mass.  Small  negative  arching  was 
observed  when  the  dome  had  a  stiff  support,  but  considerable  positive 
arching  did  appear  when  the  support  for  the  dome  was  soft.  The  buried 
domes  did  not  develop  buckling  under  an  average  vertical  pressure 
almost  three  times  the  pressure  that  budded  the  dome  when  unburied. 

The  Dependence  of  Dilation  -in  Sand  on  Rat**  of  Shear  Strain 
K.  A.  Healy,  February  1963 

This  report  is  a  compilation  of  the  results  of  all  investigations 
into  the  effect  of  strain  rate  on  the  strength  of  sand,  including  re¬ 
sults  previously  documented  in  Reports  9  and  11  and  new  results.  The 
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new  results  axe  primarily  from  a  test  in  which  an  annular  ring  of  dry 
sand  is  sheared  by  twisting.  This  form  of  test  was  specially  designed 
to  measure  the  effect  of  strain  rate  on  the  ultimate  void  ratio.  It 
was  found  that  the  ultimate  void  ratio  increased  slightly  with  in¬ 
creasing  rate  of  strain.  These  results  thus  provided  confirmation  of 
the  earlier  observation  that  the  pore  pressure  during  undrained  shear 
decreased  (became  less  positive  or  more  negative)  as  the  strain  rate 
increased. 

lU.  Propagation  Velocity  of  Ultrasonic  Waves  Through  Sand 
F.  V.  Lawrence j  Jr.,  March  1963 

This  report  discusses  an  improved  version  of  the  apparatus  first 
described  in  Report  8,  and  presents  data,  for  the  dilatational  velocity 
through  dry  sand  and  glass  beads .  The  results  are  shown  to  be  con¬ 
sistent  with  rod  and  shear  wave  velocities  measured  in  other  labora¬ 
tories  . 

15.  Undrained  Strength  of  Saturated  Clayey  Silt 
K.  A.  Healy,  March  1963 

This  report  marked  the  conclusion  of  that  phase  of  the  soil  dy¬ 
namics  research  dealing  with  the  effect  of  strain  rate  upon  strength. 
With  these  tests,  four  different  soils  ranging  from  a  fat  clay  to  a 
clean  coarse  sand  had  been  tested  under  undrained  conditions .  As  with 
the  other  soils,  the  pore  pressures  generated  within  the  clayey  silt 
decreased  as  the  strain  rate  increased,  although  the  phenomenon  was 
partially  obscured  by  the  pore  pressure  gradients  which  developed 
within  the  samples.  The  strength  increase  was  about  75$  between 
strain  rates  of  0.0013  and  760$  strain  per  sec. 

16.  Effective  Stress  Versus  Strength:  Saturated  Fat  Clay 
A.  M.  Richardson,  Jr.,  April  1963 

With  the  fat  clay,  it  was  not  possible  to  measure  excess  pore 
pressures  for  times  to  failure  shorter  than  several  seconds.  Hence  a 
program  of  tests  at  essentially  static  strain  rates  was  undertaken  in 
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order  to  establish  the  basic  effect*” 2  stress  versus  strength  behavior 
of  this  soil.  Both  normally  consolidated  and  heavily  overconsolidated 
specimens  were  tested,  with  strain  rates  ranging  from  1%  strain  in 
0.5  min  to  I %  strain  in  1440  min  (1  day).  The  trends  i::  the  results 
were  very  similar  to  those  observed  in  more  pervious  soils  at  faster 
strain  rates. 

17 .  Stress-Strain-Time  Behavior  of  Soil  in  One  Dimensional  Compression 
R.  V.  Whitman,  May  1963 

The  appendixes  discuss  the  evolution  of  test  devices  for  the  one¬ 
dimensional  compression  test,  and  present  some  results  not  previously 
reported.  The  main  body  presents  the  rationale  for  the  test  program, 
summarizes  the  test  data,  and  discusses  the  implication  of  the  data 
with  regard  to  propagation  of  high-intensity  stress  waves  through 
earth.  The  main  body  is  identical  with  the  paper  "Effects  of  Vis¬ 
cosity  and  Elasticity  upon  Stress  Waves  Through  Confined  Soil"  pre¬ 
sented  by  P.  V.  Whitman  to  the  32nd  Symposium  on  Shock  Vibration  and 
Associated  Environments,  held  in  the  spring  of  1963.  This  report  is 
essentially  a  final  report  upon  the  one-dimensional  compression  test¬ 
ing  phase  of  the  total  research  effort  to  date. 

18.  The  Dynamic  Passive  Pressure  Problem  for  Sand 
W.  C.  Kerr,  May  1963 

The  dynamic  counterpart  of  the  passive  earth  pressure  problem  was 
investigated  (in  a  preliminary  way)  both  experimentally  and  theoreti¬ 
cally.  The  experiments  revealed  that  the  pattern  of  sand  movements  is 
quite  different  for  static  and  for  dynamic  loadings  of  very  short 
duration.  With  rapid  loadings,  a  "crater"  is  excavated  behind  the 
wall,  presumably  as  the  result  of  "spalling"  of  the  cohesionless 
surface. 

19.  Stresses  and  Strains  in  a  Planar  Array  of  Elastic  Spheres 
E.  T.  Miller,  August  1963 

In  this  study  the  deformational  behavior  of  soil  is  simulated  by 
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a  pi anai-  array  of  elastic  spheres.  The  theoretical  calculations  take 
imo  account  both  deformation  of  the  spheres  and  sliding  between, 
spheres.  Several  of  the  key  features  of  the  behavior  of  soil  in  one- 
dinensional  compression  are  demonstrated  by  use  of  this  theoretical 
model:  the  development  of  an  S -shaped  stress-strain  curve,  tysteresis 
loops  during  loading  and  unloading,  and  the  locking  in  of  high  lateral 
stresses  by  loading  and  unloading. 

20.  Further  Study  of  a  Rapid  Response  Pore  Pressure  Gage 
E.  T.  Miller,  November  1963 

The  report  discusses  design  principles  and  concepts  for  a  minia¬ 
turized  pore  pressure  gage,  using  a  piezoresistive  transducing  ele¬ 
ment,  which  could  be  embedded  within  a  triaxial  specimen  of  standard 
size.  Eue  tc  failure  of  the  transducing  element,  evaluation  of  the 
gage  was  not  completed. 

21.  One-Dimensional  Compression  and  Wave  Propagation 
P.  J.  Moore,  October  19&3 

This  report  demonstrates,  by  very  precise  measurements  in  an 
oedometer  of  superior  construction,  the  existence  of  an  S -shaped 
stress-strain  curve  in  sand.  For  small  stress  increments,  the  moduli 
as  measured  in  the  oedometer  were  generally  the  same  as  moduli  back- 
figured  from  wave  propagation  velocity.  The  effect  of  varying  the 
rate  of  increase  of  stress  in  the  oedometer  was  investigated. 

22 Dynamic  Response  of  a  Particulate  Soil  System 
W.  C.  Kerr,  March  1964 

The  theoretical  study  in  this  report  was  motivated  by  the  problem 
of  lateral  inertia  during  triaxial  testing.  One-  and  two-dimensional 
mass-spring  systems  were  used  to  approximate  the  response  of  an  assem¬ 
blage  of  particles  such  as  in  a  granular  soil .  The  laws  for  the  de¬ 
formation  of  elastic  spheres  were  used  to  guide  the  selection  of  the 
spring  constants  of  the  lumped  system.  The  effect  of  geometry  change 
on  the  response  of  the  two-dimensional  system  was  considered. 
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Computer  programs  were  developed  to  carry  out  the  analysis  of  the  dy¬ 
namic  response.  The  results  showed  the  dispersion  which  is  observed 
during  wave  propagation  through  granular  soils,  but  the  calculations 
were  not  carried  to  the  point  where  the  possible  importance  of  lateral 
inertia  could  be  clarified. 

23.  Ultrasonic  Shear  Wave  Velocities  in  Sand  and  Clay 
?.  V.  Lawrence,  Jr.,  January  1965 

This  report  describes  the  measurement  of  shear  wave  velocities 
using  the  ultrasonic  technique.  Tests  on  saturated  sand  yielded  re¬ 
sults  very  similar  to  those  obtained  in  other  laboratories .  Tests  on 
clays  showed  that  velocity  was  related  principally  to  effective  stress 
and  void  ratio,  although  small  structural  changes  during  secondary 
compression  had  a  significant  effect.  The  relation  between  shear  wave 
velocity,  effective  stress,  and  void  ratio  was  quite  similar  for  sands 
and  clays. 

24.  Wave  Velocities  Through  Partially  Saturated  Sand-Clay  Mixtures 
H.  A.  Balakrishna  Kao,  March  1966 

These  tests  established  L.  a  preliminary  way  the  effect  of  degree 
of  saturation  on  dilatational  and  shear  wave  velocities.  Increasing 
degree  of  saturation  means  increased  mass  and  generally  decreased 
shear  modulus,  and  hence  shear  wave  velocity  decreases  with  increasing 
degree  of  saturation.  On  the  other  hand,  increasing  degree  of  satura¬ 
tion  means  increased  resistance  to  compression,  and  hence  increased 
dilatational  wave  velocity.  These  trends  were  confirmed 
experimentally . 

2!>.  Miscellaneous  Studies  of  the  Formation  of  Wave  Fronts  in  Sand 
R.  V.  Whitman,  May  1 96C 

This  report  contains  (a)  data  concerning  the  stress-strain  behav¬ 
ior  of  dry  Monterey  sand,  as  measured  in  confined  compression  and  also 
as  measured  using  ultrasonic  waves;  and  (b)  theory  for  the  dispersion 
of  a  wave  front  passing  through  a  system  of  discrete  particles.  These 
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results  were  utilized  in  a  report,  DASA  1266-4,  by  Stanford  Research 
Institute  to  study  the  development  of  shock  waves  in  sand. 
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APPENDIX  3  HISTORY  OF  THE  MIT  SOIL  DYNAMICS  CONTRACT 


In  order  to  appreciate  the  factors  which  determined  the  evolution  of 
the  research  at  MIT,  it  is  necessary  to  first  look  briefly  at  the  entire 
history  of  research  concerning  soil  dynamics. 

B.l  EVOLUTION  OF  SOIL  DYNAMICS  RESEARCH  IN  GENERAL 

Prpridcleai  age:  It  usually  is  said  that  soil  dynamics  had  its  start 
in  Germany  during  the  1930 Ss,  when  engineers  investigated  the  dynamics  of 
machine  foundations  and  the  use  of  in  situ  wave  velocities  to  reveal  soil 
properties.  It  would  be  more  accurate  to  say  that  these  were  the  first 
systematic  investigations  in  the  area  now  known  as  soil  dynamics;  obviously 
engineers  had  for  some  time  been  faced  with  problems  of  ground  motions 
caused  by  earthquakes  and  blasting. 

During  these  early  years  of  soil  dynamics,  the  emphasis  was  on  seismic 
wave  velocity  >  .d  on  correlations  between  this  velocity  and  engineering 
performance.  This  velocity  was  readily  measurable,  and  furthermore  the 
art  of  testing  soil  in  the  laboratory  was  in  its  infancy.  There  was  little 
study  of  the  fundamentals  of  stress-strain  behavior  during  dynamic  load¬ 
ings.  The  laboratory  tests  of  Iida  (1936)  in  Japan,  dealing  with  wave  ve¬ 
locities  and  damping  in  soil,  stand  out  as  almost  the  only  fundamental 
study  during  the  prenuclear  age. 

The  years  since  the  dawn  of  the  nuclear  age  (19^5)  have  witnessed 
numerous  developments  which  have  influenced  the  course  of  soil  dynamics 
research:  tracking  radars  vdth  their  stringent  foundation  requirements, 
heavier  traffic  loads  for  highway  and  airport  pavements,  increased  concern 
over  the  devastating  effects  of  earthquakes,  an  increased  capability  for 
sophisticated  laboratory  and  field  tests,  and  a  great  upswing  of  interest 
in  soil  mechanics  research  in  general.  It  safely  can  be  said  that  the 
nuclear  weapons  effects  problem  has  given  the  major  impetus  for  much  of 
the  soil  dynamics  research  which  has  taken  place  since  19^5.  However, 
there  has  been  research  directed  at  other  problems  as  well.  These  several 
categories  of  research  will  be  treated  separately  in  the  following 
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paragraphs ;  however,  there  have  continually  been  important  interactions 
between  them. 

Nuclear  weapons  effects  research:  At  the  beginning  of  the  nuclear 
age,  the  emphasis  in  soil  mechanics  research  was  on  shear  strength,  and 
this  emphasis  continued  throughout  the  subsequent  15  years.  Furthermore, 
the  first  major  engineering  problem  posed  by  the  advent  of  nuclear  explo¬ 
sives  was  a  problem  involving  shear  strength:  the  possible  instability,  as 
the  result  of  near  misses  by  a  large  explosion,  of  the  slopes  of  a  sea- 
level  Panama  Canal.  Thus  it  was  that  the  first  major,  systematic  soil 
dynamics  investigation  of  the  nuclear  age  (the  tests  at  Harvard  in  the  late 
19U0's)  dealt  with  shear  strength.  Moreover,  when  nuclear  weapons  effects 
field  tests  began  on  a  large  scale  about  1950  and  MIT  was  asked  to  under¬ 
take  suitable  soil  dynamics  research,  it  was  also  natural  to  continue  the 
shear  strength  tests  begun  earlier  at  Harvard. 

This  initial  emphasis  on  shear  strength  naturally  led  to  attempts  to 
apply  the  resulting  information  to  practical  problems,  such  as  cratering 
and  footing  motion.  However,  it  was  found  that  lack  of  mathematical  tech¬ 
niques  capable  of  handling  such  complex  problems  was  a  far  more  serious 
limitation  than  uncertainty  as  to  the  effect  of  strain  rate  on  strength. 

At  the  same  time,  another  type  of  problem  began  to  grow  in  importance:  the 
ground  motions  associated  with  the  airblast  emanating  from  explosions.  The 
emphasis  in  the  laboratory  program  thus  began  to  shift  from  shear  strength 
to  tests  giving  the  type  of  stress-strain  information  necessary  to  under¬ 
stand  the  ground  motion  problem. 

The  start  of  the  Ballistic  Missile  Base  program  in  the  late  1950 's 
gave  a  major  new  impetus  to  soil  dynamics  research.  Up  until  this  time, 
the  work  at  MIT  was  the  only  major  laboratory  effort  directed  at  the  soil 
mechanics  aspects  of  nuclear  weapons  effects.  Now  important  efforts 
started  at  numerous  government  laboratories,  research  institutes,  and 
universities.  Initially  some  of  these  new  efforts  dealt  with  shear 
strength.  More  generally,  however,  these  efforts  took  up  the  problems  of 
stress-strain  relations  in  compression,  wave  propagation  tests,  and  studies 
of  the  interaction  between  soil  and  buried  structures.  Today  a  wide  vari¬ 
ety  of  tests,  too  numerous  to  mention  in  this  brief  summary,  are  being 
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conducted.  The  applied  stresses  of  interest  have  gradually  increased: 
from  a  few  psi  to  tens  of  psi,  then  to  hundreds  of  psi,  and  finally  to 
thousands  of  psi  and  even  more. 

Measurements  which  have  been  made  in  the  field  during  actual  nucl ear 
explosions  have  of  course  been  vital  to  the  understanding  and  interpreta¬ 
tion  of  the  laboratory  results.  Unfortunately,  such  field  observations 
have  been  limited  in  number  and  generally  preceded  the  laboratory  studies 
rather  than  being  specifically  designed  to  validate  certain  key  concepts. 

Other  modern  developments :  When  concerned  with  nuclear  weapons  ef¬ 
fects,  one  is  concerned  primarily  with  a  single  intense  loading.  There  are 
many  other  problems  which  involve  repeated  loadings. 

Traffic  loadings  and  earthquakes  produce  repeated  loadings  of  moderate 
intensity,  in  some  cases  sufficient  to  progressively  weaken  soil  and  to 
finally  bring  about  a  shear  failure.  Seed  at  the  University  of  California 
lias  conducted  extensive  investigations  into  the  behavior  of  soil  subjected 
to  such  loadings. 

Foundations  for  machinery  producing  periodic  loads  involve  rapidly 
varying  stresses  of  small  intensity.  This  stress  condition  is  also  met 
when  using  explosively  or  mechanically  produced  waves  to  evaluate  in  situ 
ground  conditions.  Recently  there  has  been  much  interest  in  vibratory  pile 
driving,  which  also  involves  rapidly  varying  stresses  of  small  intensity. 
The  resonant  column  test  originally  developed  by  Iida  is  designed  to  study 
the  behavior  of  soil  under  these  conditions.  This  form  of  test  was  intro¬ 
duced  into  this  country  in  the  late  19^0 's  by  Wilson,  then  at  Harvard 
University.  Wilson  refined  the  technique,  and  Ri chart  (first  at  the 
University  of  Florida  and  now  at  the  University  of  Michigan)  has  also  made 
valuable  contributions  using  th-’  s  technique.  This  test,  with  various  mod¬ 
ifications,  is  now  being  used  in  a  number  of  laboratories  throughout  the 
country. 

B.2  HISTORY  OF  SOIL  DYNAMICS  RESEARCH  AT  MIT 

1951-195^ :  As  stated  above,  the  initial  emphasis  concerned  shear 
strength  during  dynamic  loading:  more  precisely,  the  effect  of  strain  rate 
on  strength  during  a  single  loading.  A  large,  multipurpose  testing  machine 
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was  constructed  (Report  1),  and  tests  ’rfere  run  on  dry  and  saturated  sands 
and  on  a  variety  of  cohesive  soils  (Reports  2  and  3)-  In  an  attempt  to 
understand  how  these  results  might  be  applied  to  practical  problems,  the 
first  small-scale  tests  on  footings  were  conducted  (Report  3)«  An  attempt 
also  was  made  to  apply  basic  soil  mechanics  considerations  to  the  problem 
of  crater  size  (Report  4). 

MIT  personnel  participated  in  the  planning  of  the  nuclear  weapons 
effects  field  test  programs  of  the  early  1950' s,  and  it  soon  became  appar¬ 
ent  that  knowledge  of  stress-strain  behavior  and  wave  propagation  phenomena 
was  of  more  practical  consequence  than  knowledge  concerning  the  effeui-  of 
strain  rate  on  shear  strength.  Wave  propagation  phenomena  had  been  de¬ 
tected  during  the  triaxial  strength  tests  with  the  most  rapid  loadings.  It 
was  decided,  in  1953 ,  to  construct  a  very  long  triaxial  specimen  so  that 
the  wave  propagation  phenomena  could  be  observed  clearly.  These  were  the 
first  laboratory  tests  involving  the  propagation  of  intense  stress  waves 
through  soil  (Report  3) • 

1957-1965 :  Strength  testing  was  resumed  when  the  present  contract 
started.  A  much  simpler  test  machine  was  built  (Reports  1  and  2  of  present 
series)  and  the  limitations  on  the  rate  at  which  loads  may  be  applied  in 
such  a  test  have  been  studied  (Report  22).  Again  a  variety  of  soils  were 
tested,  especially  saturated  sands  and  clays  (Reports  3,  6,  9,  10,  11,  15, 
and  16).  Primary  emphasis  was  given  to  understanding  the  causes  for  the 
strain-rate  effect  on  strength,  especially  the  role  played  by  excess  pore 
pressures  (Reports  9,  10,  11,  13,  15,  and  16).  Toward  this  end,  special 
devices  were  developed  for  measuring  pore  pressures  induced  by  rapid  load¬ 
ings  (Reports  5,  9,  11,  14,  15,  16,  and  20). 

An  interest  in  soil  behavior  as  it  applied  to  wave  propagation  was 
also  carried  over  from  the  earlier  contract.  The  first  tests  using  one¬ 
dimensional  compression  with  rapid  loadings  were  started  in  1958,  and  the 
technique  was  refined  during  the  next  few  years  (Reports  4,  7,  and  17). 

The  technique  was  ready  for  use  when  the  Ballistic  Missile  Base  program 
required  data  concerning  the  dynamic  compressibility  at  various  sites,  and 
laboratory  tests  using  this  technique  played  a  key  role  in  the  design  of 
several  of  the  bases.  The  results  from  the  studies  during  this  period 
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helped  to  sort  out  the  relative  importance  of  inelastic  and  time-dependent 
effects  and  to  indicate  the  degree  of  stress  attenuation  present  in  prac¬ 
tical  problems  (Report  17).  More  recent  research  has  led  to  an  understand¬ 
ing  of  why  shock  waves  sometimes  do  but  more  often  do  not  form  in  soil 
(Reports  19,  21,  and  25). 

In  1959,  investigations  were  started  into  the  factors  controlling  the 
velocities  of  seismic  level  waves  through  soil  and  the  relation  between 
these  velocities  and  other  soil  properties  such  as  compressibility.  Appa¬ 
ratus  was  developed  for  measuring  these  velocities  in  the  laboratory 
(Reports  4  and  8).  This  apparatus,  and  the  knowledge  gained  therewith, 
also  played  an  important  role  in  the  investigation  of  sites  for  Ballistic 
Missile  Bases.  Recent  research  has  finally  begun  to  provide  a  real  under¬ 
standing  of  the  relations  mentioned  above  (Reports  14,  21,  23,  and  24). 

Two  studies  were  started  in  order  to  learn  how  tc  relate  strevs -strain 
data  to  soil- structure  interaction  phenomena  (Reports  12  and  18) .  Each 
study  revealed  the  existence  of  previously  uninvestigated  phenomena,  and 
thus  provided  a  better  orientation  for  further  research. 

B.3  SUMMARY  OF  CONTRIBUTIONS  UNDER  PRESENT'  CONTRACT 

1.  With  regard  to  shear  strength  during  transient  loadings: 

(a)  Developed  a  simple  form  of  test  device  and  produced  data  for 
a  wide  variety  of  soils. 

(b)  Gave  some  unity  to  the  mass  of  data  which  has  been  obtained. 

(c)  Made  the  first  steps  toward  pinpointing  the  physical  causes 
for  the  strain-rate  effect. 

2.  With  regard  to  dynamic  compressibility: 

(a)  Stimulated  early  interest  in  the  problem  of  intense  stress 
waves  through  soil  and  in  the  use  of  the  one-dimensional 
compression  test  to  assess  the  pertinent  soil  properties. 

(b)  Developed  equipment  and  techniques  for  performing  accurate 
dynamic  one-dimensional  compression  tests. 

(c)  Produced  the  first  useful  data  concerning  time-dependent 
effects  during  one-dimensional  compression. 

(d)  Completed  a  detailed  explanation  of  nonlinear  stress-strain 
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behavior  of  sand,  involving  the  concept  of  an  S-shaped  stress- 
strain  curve,  and  of  the  effect  of  this  behavior  upon  wave 
front  development. 

3.  With  regard  to  waves  of  low  intensity: 

(a)  Developed  and  used  a  device  for  measuring  dilatational  wave 
velocity  in  the  laboratory. 

(b)  Established,  for  dry  sands,  the  relation  between  seismic  wave 
velocity  and  compressibility  as  measured  in  one-dimensional 
compression. 

(c)  Made  a  start  toward  the  understanding  of  the  relation  between 
dilatational  velocity  and  degree  of  saturation. 

(d)  Obtained  first  data  to  show  that  the  shear  velocity-void 
ratio-effective  stress  relation  for  clays  is  quite  similar 
to  that  for  sands. 
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